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Abstract The spread of additive technologies from pro-
totyping to manufacturing has made the development
of new products possible, but still needs effective meth-
ods in order to allow their characterization. In particu-
lar, porosity is considered a crucial aspect of AM prod-
ucts. A prototype system for the deposition of contin-
uous carbon fiber-reinforced polymers with a thermo-
plastic matrix has been recently developed, at Mechan-
ical Engineering Department of Politecnico di Milano.
This application is of interest, as it would avoid the
expensive development and manufacturing of specific
molds. The mechanical performance of the manufac-
tured components depends mainly on porosity and on
non-correct adhesion among filaments, even in the case
of conventional manufacturing processes. The additive
deposition shows even more relevant issues of this kind.
Hence the need for a characterization of the process.
The conventional approach considers a destructive test
to characterize the composite mechanical properties or
porosity. The aim of this paper is proposing original ap-
proaches to evaluate both porosity and non-correct ad-
hesion by means of X-Ray computed tomography. The
method is validated by comparing the porosity with
the reference destructive method defined in the ASTM
D3171 standard. It is also shown that the amount of
defects is correlated to the mechanical properties of the
obtained components, thus the approach can be used
for a non-destructive evaluation of the manufactured
parts.
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1 Introduction

The spread of Additive Manufacturing (AM) technolo-
gies is reaching applications, which in the past were
almost impossible to be considered. If the application
of AM to polymeric materials is a standard today, and
close to be a standard for metals, its application to com-
posite materials [1] is more difficult, due to the need
of managing simultaneously the matrix and the fiber.
This is still uncomplicated when dealing with short-
fiber reinforced polymers, but more complex for con-
tinuous fiber reinforced polymers.

Continuous carbon fiber reinforced polymers (CFRP)
are among the most common composites, thanks to
their high stiffness/weight ratio. Conventional technolo-
gies for manufacturing continuous CFRP include mold-
ing, vacuum bagging, compression molding, and fila-
ment winding. It is worth noting that these technolo-
gies are somehow additive: in fact, they consist in lying
carbon fibers and polymer on some mold or mandrel,
and then harden the polymer. However, since CFRP
are often used in small batch productions, the cost of
the mold can limit its diffusion. This justifies the devel-
opment of additive manufacturing (AM) methods for
continuous CFRP [2-6]: by stacking layers of CFRP
directly no mold is needed.

As for all new technologies, additive manufactur-
ing continuous carbon fiber reinforced polymers (AMC-
CFRP) needs to be characterized. Porosity in particular
affects performance. Several attempts have been made
to study this behavior and predict the locations of its
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occurrence. Gauvin et al.[7] analytically linked it to the
cavity pressure. Toscano and Vitiello [8] showed how the
stacking sequence could yield a higher propensity of the
porosity to occur, while Costa et al.[9] studied the effect
of porosity on moisture absorption and showed how a
significant amount of absorption may occur depending
on the void content and polymer system.

Standard methods for characterizing composites are
based on destructive testing [10, 11]. This approach
is usually unsuitable for characterizing AM parts. X-
Ray Computed Tomography (XCT) has proven to be
a valid non-destructive alternative for the characteriza-
tion of CFRP. XCT application has shown the possibil-
ity of characterizing several properties of CFRP, includ-
ing porosity [12-16], delamination defects [17-20], and
fiber orientation [21]. All the proposed examples con-
sider only CFRP manufactured by conventional tech-
nologies, in some cases linking the obtained parameters
(porosity in particular) to mechanical properties [22].

However, AMCCFRP differ in their 3D structure
from conventional CFRP. In particular, the effect of lay-
ers adhesion and delamination is not properly addressed
by conventional approaches. Authors discussing appli-
cation to AMCCFRP include Goh et al.[23], Paran-
doush et al.[24], and He et al.[25], who all tried to link
the porosity to the mechanical properties of the com-
posites. However, these works consider only the internal
porosity of the material, neglecting the fact that poros-
ity could open into the external environment.

In this work, an XCT-based method for character-
izing voids and defects of AMCCFRP is proposed. The
use of XCT for the characterization of porosity is accu-
rately developed in the I&M literature [26-34]; however,
its application to AMCCFRP and CCFRP in general is
novel. The method is based on the distinction between
closed voids, which depict the porosity due to the AM
deposition and to the characteristics of the polymer,
and open voids, which measure the delamination of the
composite. The evaluation of closed voids (porosity) is
validated by comparison to the reference destructive
methods described in the ASTM D3171 [35] standard.
The measured closed void fraction is also compared to
the results that can be obtained with the VGSTUDIO
MAX 3.4 ® commercial software. Then the correla-
tion between the measure of adhesion defects and flex-
ural mechanic properties (as defined in the ASTM D790
[10] standard) is experimentally shown. The proposed
method can nonetheless be helpful to characterize AM-
CCFRP and for a non-destructive test of products.

2 Experimental setup

An innovative CFRP 3D printing system has been de-
veloped at Politecnico di Milano, based on Fused De-
position Modeling (FDM) and Automated Fiber Place-
ment (AFP). The printing head is composed of the
feeding system, the heat sink, the hot chamber, the 2
mm nozzle and the compacting system. Temperature,
feed-rate and wire tension can be adjusted. The com-
pacting system presses the deposited material with an
adjustable force and is needed to guarantee good adhe-
sion between the 3D printed layers. The printing head is
mounted on a Fanuc anthropomorphic robot, allowing
a large deposition volume.

The feedstock is a @2 mm commingled yarn nomi-
nally composed by continuous carbon fibre wires (41%
in volume) and Nylon PA12 wires (59% in volume)
[36] . The 3D printing process differs from a standard
FDM,as only the polymeric fraction of the feedstock is

melted. Before deposition, the feedstock is pre-consolidated

on a specifically developed pre-consolidation system,
which is used to pre-extrude (at an adjustable temper-
ature) the feedstock, making it more rigid.

3 Estimate of the fraction of closed and open
voids

Even if the deposition is possible, the CFRP 3D print-
ing system described in §2 has shown severe limitations
in the quality of the deposited composite. If the depo-
sition parameters are not close enough to the optimal
set-up point, severe delamination and porosity defects
are found. This leads to the investigation of an XCT-
based characterization of the quality of the deposition.

Suppose that an available sample has been scanned
by XCT. Consider as z axis of the sample the direc-
tion along which the fibers are deposited. Fig. 1 shows
an example of an XCT z-slice of an AMCCFRP sam-
ple. Each sample was composed by two layers, each of
them was composed by 6 strands of filaments. White
regions are representing a slice of each single individ-
ual strand of filament, and correspond to the presence
of material in the sample. The specimen was printed
maintaining each specimen layer parallel to the print-
ing bed. In other words, the first layer, composed of
six strands of filament represented in the bottom of the
image, was touching the printing bed. The slice clearly
shows the presence of porosity in the sample (closed
voids, for example highlighted by the red circle). The
yellow circles mark areas in which no porosity is present
(actually the material is absent), and the fibers do not
correctly adhere to each other. This can be related to
both an incorrect deposition of the feedstock and to a
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7000 um

Fig. 1 Example of XCT slice of an AMCCFRP sample. The
yellow circles indicate “open voids”; the red circle indicates
a “closed void”.White and grey areas of the image represents
the parts of the samples where there is a prensece of material.

successive delamination of the composite due to resid-
ual strains. We call these areas "open voids”, as they
are connected to the exterior of the part. Conventional
porosity evaluation would fail in identifying these de-
fects: their connection to the exterior of the part makes
them different from conventional porosity. As they are
expected to affect the resistance of the sample, a non-
destructive way of automatically quantifying them is
needed.

Open voids are expected to be related to deposition
issues, so their estimate is relevant for the characteri-
zation of the part functionality. The proposed method
analyses the XCT image (voxel representation) to es-
timate the fraction of open and closed voids in the
sample. The approach is constituted essentially by four
steps: binarization, outlier removal, identification of the
mask, and identification of the open and closed voids.
Although a voxel representation is being analyzed, con-
sidering it in its three-dimensional nature is difficult
and requires significant computational power. To re-
duce the computational power required and to make
the method applicable even when the XCT images are
large, the XCT image itself will be analyzed slice by
slice. In particular, the first three steps consider the
slices singularly, while the fourth compares the various
slices of the image.

3.1 Binarization

Binarization converts the original grayscale image into
black and white. This is made possible by the identifi-
cation of a threshold for the grey-values (GV): voxels
characterized by a GV higher than the threshold are
set to white and the remaining ones to black. Several
methods can be found in literature for the identification
of the threshold. In this work we considered the most
diffused methods, namely Otsu’s method [37] and the
ISO50 method [38]. The results from these two methods
will be compared in §4 and §5.

The threshold should be selected slice by slice rather
than globally because experience has shown that, due
to limitations in XCT, the contrast and overall inten-
sity can vary significantly from the upper to the lower

part of the sample. A global threshold could lead to an
incorrect binarization.

3.2 Outlier removal

It has been observed that, due to adhesion problems,
often samples created with the CFRP 3D printing sys-
tem present single carbon fibers that are not connected
to the rest of the sample. As they are not connected to
the rest of the part, these fibers do not contribute signif-
icantly to the global resistance of the sample. However,
since they are recognized as made of material during
the binarization, they could influence the identification
of the mask described in §3.3, and later the estimate of
the voids. Furthermore, often artifacts in XCT images
look like circle arcs or isolated voxels outside the sam-
ple. Since they are recognized as materials even during
the binarization, they could similarly affect the mask
and the estimate of the open voids. Therefore, “out-
liers” must be removed.

The removal of outliers is simply based on the area
they occupy in the single slide. The cross-section of the
feedstock filament used in our case study, which is 22
mm, is equal to 3.14 mm?. All isolated blobs of vox-
els in the binarized area, i.e., all the groups of voxels
above the threshold that are completely surrounded by
voxels below the threshold, have to be identified. It is
proposed that any blob of voxels in the binarized image
characterized by an area smaller than 5% of the feed-
stock filament cross-section (0.2 mm? in our case) is
considered an outlier and eliminated, as shown in Fig.
2. As each voxel occupies the same volume (or area in a
single slice), this value can be easily converted into the
number of voxels (2500 in our case study) in a slice of
the voxel representation.

3.3 Identification of the mask

Once the outliers have been removed, the region of in-
terest (ROI) can be identified. The region of interest
will exclude only voxels above the threshold in the bi-
narized image. To be able to estimate the void fraction,
also the void area must be included.

The definition of ROI is similar to the identifica-
tion of the convex hull of the part. The convex hull
[39] contains all the material and excludes the void sur-
rounding the part. The convex hull is well defined on
(2D and 3D) clouds of points, however not on images.
Therefore, first an iso-profile is defined on the binarized
image with the outliers removed. The iso-profile is a set
of points located at the transition from material to air,
as identified by the threshold.
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(¢) Identification of the boundary

(d) Final mask

Fig. 2 Outliers identification and removal, and definition of
the mask.

However, the results that are produced in §5 have
indicated that the convex hull is not a good choice
when evaluating the void fraction. Consider for instance
that, if the binarized slice is banana-shaped, the con-
vex hull would include the concavity, which is com-
pletely external. Therefore, a boundary is defined by
using the “boundary.m” function implemented in Mat-
lab®) rather than applying the classic convex hull. This
function, given a set of points, identifies a sub-set of

points defining a non-convex polygon containing all points.

The generated polygon follows closely the points of the
iso-profile, but it will not include all points of the iso-
profile. Of course, it will not include points correspond-
ing to an internal void. Regarding the other points, its
behavior can be tuned by defining a shrink factor. A
high shrink factor value leads to a boundary that in-
cludes all possible points. Lower values generate a poly-
gon more similar to the convex hull. The choice will be
discussed in §5. Comparing the boundary to the convex
hull (Fig. 3), it is evident that in this way it is possible
to have a better identification of the limit between the
sample and the surrounding air.

The portion of binarized image inside the polygon
defines the mask, i.e. the zone of the slice that will be
considered for the calculation of the open and closed
void fraction.

Fig. 3 Comparison between convex hull (red) and boundary
polygon (blue). Please note the outliers are not considered in
the definition of the hull/polygon.

Once the mask has been defined for every slice, it is
possible to calculate the total fraction of void as

SN NB;

VF =
Y, NT;

(1)

where N is the number of slices, and NT; and N B; are
respectively the total number of voxels and the number
of black voxels (under the threshold) inside the mask
of the i*" slice.

3.4 Identification of the closed voids

The VF defined in (1) does not distinguish voids con-
nected to the outside (open voids), which are related
to adhesion defects, and fully internal defects (closed
voids), which constitute the porosity. As it is uncer-
tain whether both open and closed voids influence the
composite resistance, a method to distinguish them is
required.

A procedure that distinguishes the two is described
in the following steps (Fig. 4).

1. Sort the slices according to their z level. Set i = 1.

2. Start from the bottom slice (slice 1), and identify
all closed voids in this slice. A void is a continuous
group of voxels whose GV is lower than the thresh-
old defined in §3.1. A void is considered closed if
none of its voxels belong to the edge of the mask
defined in 3.3, otherwise it is considered open.

3. Increase ¢ by 1.

4. Identify all open and closed voids in slice ¢ as ex-
plained in point 2.

5. Consider closed voids in slice i. If any voxel in a
closed void corresponds to a voxel of slice i — 1 be-
longing to an open void, then the closed void is re-
defined as open void (Fig. 5)

6. Keep iterating on point 3 until the last slice N is
reached.

7. Decrease ¢ by 1.

8. A (tentative) identification of open and closed voids
in slice ¢ is already available.

9. Consider closed voids in slice 4. If any voxel in a
closed void corresponds to a voxel of slice i 4+ 1 be-
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( Start

Sort slices based on z. Set
i=1

Identify open and closed
voids in slice i

—» Increase i by 1 —» Decrease iby 1 [

Compare open and closed

Identify open and closed
voids in slices j and i-1. No

voids in slice i

Arrange errors.

Compare open and closed
voids in slices j and j+1.

Arrange errors.

Fig. 4 Flux diagram for the identification of open and closed
voids.

closed voids (considering
slice i only)

This void is closed in both slices,
so it stays closed in both slices

Open void in slice i

This void is open in slice i+1, so it makes
the corresponding void in slice i open

CICIC ]

Slice i+1

Slice i

Fig. 5 Identification of the open/closed voids: an open void
over a closed void makes the closed void open.

longing to an open void, then the closed void is re-
defined as open void.
10. Keep iterating on point 7 until slice 1 is reached.

Now the fractions of open and closed voids are re-
spectively estimated as:

N
"~ NBC;
VFC = Zijvl NT (2)
i=1 i
N
NBO;
VFO = %:—Nl NTO (3)
i=1 g

where NBC;, NBO; are the number of voxels belong-
ing respectively to closed and open voids in the it" slice.

4 Validation — porosity measurement

The standard way of evaluating porosity [35] is a de-
structive test. The test measures the relative content of
air inside the sample. As such, it cannot measure the
fraction of open voids, which is not entirely inside the
sample. Therefore, it will be applied to the calculated
V FC value only.

A set of eight 35x12x2 mm two-layered AMCCFRP
samples has been prepared and tested by applying the
matrix carbonization into a nitrogen-purging furnace
test described in ASTM D3171-15. All samples have
been manufactured under the same condition, that is:

— Feed rate: 3 mm/s

— Consolidation Temperature: 305°C
Extrusion Temperature: 305°C

— Compacting force: 25 N

The samples were then scanned on a NSI X25 XCT
scanner considering the following scan parameters:

Source voltage: 30 KV

— Source intensity: 300 pA

Integration time: 75.54 ms

Voxel size: 9.5 nm

— Angle step: 0.18°

— Frame Averaging: 10 averaged frames
No physical filter

Binning: 1x1

— Source to detector distance: 246.3 mm
— Source to sample distance: 30.9 mm

With reference to the image processing parameters, nei-
ther image binning nor image filtering has been used.
The method has been applied directly on the original
raw images. Supposing that, in order to visually detect
a pore, its size must be approximately equal to at least
3 voxels, one may expect 30 pm pores to be identifiable
in the images.

The fraction of closed voids was then estimated via
both the ASTM D3171-15 standard method and the
algorithm described in §3. Fig. 6 and Fig. 7 compare
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the values obtained with the destructive test and the
XCT estimate when the Otsu’s and ISO50 thresholds
are applied respectively. Excluding an anomalous value,
a strong correlation is visible. From a statistical point
of view, with the Otsu’s threshold, the Pearson’s cor-
relation coefficient is, in fact, equal to 0.78, and is sta-
tistically significant. Going more in-depth, the regres-
sion equation is VFC = —0.54 + 0.95VCF,, where
VCF, is the value of VCF measured according to the
standard procedure. The regression constant is not sta-
tistically significant, so there is no systematic differ-
ence between the porosity value indicated by the two
methods. The regression coefficient does not differ sta-
tistically from 1. Furthermore, the residual error has
a standard deviation equal to 0.7%. The results that
can be obtained with the ISO50 threshold are substan-
tially identical: the (significant) Pearson’s correlation
coefficient is equal to 0.80, the regression equation is
VFC = —-1.08+ 1.01VCF,. Again, the regression con-
stant is not statistically significant, the regression coef-
ficient does not differ statistically from 1, and the resid-
ual error has a standard deviation equal to 0.7%. There-
fore, we can assume our method is adequately accurate.

The estimated VC'F has been compared to the void
fraction value that can be obtained applying the VGSTU-
DIO MAX 3.4 ®) commercial software to the XCT im-
ages. The “porosity analysis (VGDefX)” module was
considered. Material definition was based on the deter-
mined surface. The porosity calculation used an area
size of a single voxel. No filter was applied on the results.
In this case, however, no statistically significant correla-
tion can be found between the VGSTUDIO MAX esti-
mates and our method. In addition, VGSTUDIO MAX
estimates are not correlated to the ASTM D3171-15 ref-
erence porosity measurements. There is a (statistically
significant) 3.4% average difference between standard
and VGSTUDIO MAX measurement results. It is pos-
sible to conclude that VGSTUDIO MAX estimates of
the porosity are not consistent with the reference de-
structive method.

5 Correlation with flexural strength

To prove the effectiveness of the void fraction as a pa-
rameter to forecast the integrity of parts, experimen-
tation has been conducted developing a 26=1 (total of
32 samples) factorial experiment. The use of a factorial
design guarantees that the values obtained for the void
fraction and the flexural strength will cover most of the
possible values. The values of the parameters were cho-
sen based on the operators’ experience, so that they are
the maximum /minimum acceptable. This might lead to
conditions in which parts cannot be manufactured. The

Otsu's % closed void fraction
"

5.0 5.5 6.0 6.5 7.0 7.5 8.0
Experimental % closed void fraction

Fig. 6 Correlation between destructive and XCT estimate of
the porosity — Otsu’s threshold.

7

1SO50 % closed void fraction

5.0 5.5 6.0 6.5 7.0 7.5 8.0
Experimental % closed void fraction

Fig. 7 Correlation between destructive and XCT estimate of
the porosity — ISO50 threshold.

Table 1 Parameters for the factorial experiment.

FACTOR LEVEL
[ Design factor LOW | HIGH

Extrusion consolidation temperature °C 275 305
Feed rate [mm/s] 3 10
Wire tension [N] 1.2 3

Extrusion temperature °C 275 305
Compacting force [N] 0 25
Distance of load cells from nozzle [mm)] 21.64 25

values considered for the various factors in the experi-
ment are reported in Tab. 1.

The 75x12x2 mm two-layered AMCCFRP samples
were prepared according to the ASTM D790-17 [10]
standard. All samples were scanned on the same XCT
scanner and with the same acquisition parameters de-
scribed in §4. Then their flexural strength was mea-
sured by running a three-point-bending test according
to ASTM D790-17. In particular, the rate of crosshead
motion, R [mm/mm/min], has been computed accord-
ing to the following equation

A%

B="5 )
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Fig. 9 Correlation between flexural strength and open poros-
ity — Otsu’s threshold — optimal shrink factor.

where L is the support span (60 mm in the test), d is
the depth of beam (1.8 mm), and Z the rate of straining
of the outer fiber (120 mm/min).

Fig. 8 shows a scatter-plot of the closed porosity
fraction versus the flexural strength. No particular trend
or correlation is apparent. A statistical analysis indi-
cates that there is only a weak yet significant correla-
tion. This scarce correlation indicates that closed poros-
ity is not a good indicator of the quality of the part from
a mechanical point of view, if non-correct adhesion is
present and relevant: the impact of porosity on the part
performance is marginal.

On the other hand, Fig. 9 and 10 show the correla-
tion between open voids and flexural strength for the
Otsu’s and ISO50 thresholds respectively. In this case,
the correlation is apparent, and the flexural strength
appears to be inversely proportional to the open void
fraction. It is also apparent that the two considered
thresholds yield similar results.

As mentioned in §3.3, in order to apply the “bound-
ary” function the definition of a shrink factor is needed.
The shrink factor ranges from 0 to 1, and affects how
closely the boundary follows the points. The value zero
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Fig. 11 Choice of the optimal shrink factor.

corresponds to the convex hull of the points, and in-
creasing values generate boundaries more and more “tai-
lored” to the points. To select the optimal value, the
Pearson’s correlation coefficient between the flexural
strength and the open void fraction has been calcu-
lated for different values of the shrink factor itself. Fig.
11 shows that the maximum (negative, the absolute
value is considered) correlation is found when the shrink
factor is equal to 0.2. The corresponding values of the
Pearson’s correlation coefficient are respectively equal
to -0.623 for Otsu’s and -0.557 for the ISO50 threshold-
ing and are statically significant. This, together with
Fig. 11, indicates that Otsu’s threshold slightly outper-
forms the ISO50 threshold. Fig. 11 also shows the corre-
lation coefficient between the flexural strength and the
total void fraction. The open void fraction outperforms
it in terms of correlation with the flexural strength. This
is due to the removal of the closed void fraction from
the total voids. Porosity (closed voids) actually acts as
a sort of noise on the correlation.
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Flexural Modulus [Gpa]
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Open void volume fraction - Otsu

Fig. 12 Correlation between flexural modulus and open
porosity — Otsu’s threshold — optimal shrink factor.

Having identified the optimal threshold (Otsu’s) and
shrink factor (0.2), it is also possible to investigate the
correlation between the flexural modulus and the poros-
ity. The correlation between the VF and the flexural
modulus is significant and equal to -0.632. The correla-
tion between the VFO and the flexural modulus (Fig.
12) is significant as well and similar in value, -0.657.
It is worth noting that this value is similar to the one
obtained for the correlation with the flexural strength.

The open void fraction is then expected to ade-
quately describe the quality of the deposition obtained.
It appropriately measures whether the filament was cor-
rectly deposited or not.

6 Conclusions

The spread of additive technologies from prototyping to
manufacturing has made the development of new prod-
ucts possible, but still needs effective methods in order
to allow their characterization. In particular, porosity
is considered a crucial aspect of AM products.

A prototype system for the deposition of commin-
gled yarns of nylon and carbon fiber has been devel-
oped, but characterization is still needed. Conventional
characterization includes the use of destructive methods
for evaluating both porosity and mechanical properties.
Destructive testing is unfeasible on final parts and more
in general when small batches are considered.

To make non-destructive testing possible, XCT has
been considered in order to investigate the structural
characteristics of the products. A method to evaluate
the closed (not connected to the outside) and open (con-
nected to the outside) void fraction from an XCT image
of the part has been developed. The latter has shown
to be strongly correlated to the mechanical properties
of the parts. This correlation is explained by the open

void fraction describing the good or not good adhesion
of filaments. It can then be considered an effective pa-
rameter for non-destructive testing of parts.

Future developments include the study of the shape
of open and closed voids to better link them to flexu-
ral characteristics of parts, and the use of artificial in-
telligence techniques to choose the shrink factor to be
applied, making its choice automatic. Besides, in the
current version, a constant shrink factor was applied to
all slices. The possibility of considering different slice-
by-slice values will be considered.
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