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The present paper aims at studying the effect of geometric parameters and moisture content on the
mechanical performances of 3D-printed isogrid structures in short carbon fiber-reinforced polyamide
(namely Carbon PA). Four different geometric isogrid configurations were manufactured, both in the
undried and dried condition. The dried isogrid structures were obtained by removing the moisture from the
samples through a heating at 120 �C for 4 h. To measure the quantity of removed moisture, samples were
weighted before and after the drying process. Tensile tests on standard specimens and buckling tests on
isogrid panels were performed. Undried samples were tested immediately after 3D printing. It was observed
that the dried samples are characterized by both Young modulus and ultimate tensile strength values higher
than those provided by the undried samples. Similar results were obtained by the compression tests since,
for a given geometric isogrid configuration, an increase in the maximum load of the dried structure was
detected as compared to the undried one. Such discrepancy tends to increase as the structure with the
lowest thickness value investigated is considered. Finally, scanning electron microscopy was carried out in
order to analyze the fractured samples and to obtain high magnification three-dimensional topography of
fractured surfaces after testing.

Keywords 3D printing, buckling, carbon fiber composites, CFRP,
isogrid

1. Introduction

Additive manufacturing is an emerging technology which is
revolutionizing the word of manufacturing. The possibility of
realizing complex shapes, rapidly producing components,
avoiding molds and automating processes makes this technique
very attractive for several manufacturing sectors (Ref 1-3).
Different 3D printing techniques were developed to additively
manufacture plastics, metals and other materials (Ref 4). As far
as the plastic materials are concerned, the fused filament
fabrication (FFF) is the most used technology due to its
reliability and relative low cost. FFF is an extrusion process
performed by heating a continuous thermoplastic filament and

exploiting a layer by layer deposition over a plate (Ref 5, 6). In
order to improve the mechanical properties of FFF 3D-printed
plastic components, short carbon fibers can be added as
reinforcement of the thermoplastic material (Ref 7, 8). Carbon
fiber-reinforced polyamide (CFRP) parts can be produced by
3D printing, especially as easy processing thermoplastic
materials are used (Ref 9). Ning et al. investigated the effect
of content and length of short carbon fibers added into ABS
plastic on the mechanical properties of FFF fabricated part and
demonstrated that adding carbon fiber into plastic materials can
increase tensile strength and Young’s modulus, but can
decrease toughness, yield strength, and ductility (Ref 10).
Polyamides (PA) can also be reinforced with different types of
nanofillers, including glass fibers and microspheres (Ref 11),
but also with adding short carbon fibers (Ref 12, 13). In
previous papers, the authors demonstrated that FFF technology
can be successfully used to realize composite isogrid structures,
that are of interest in the aerospace field (Ref 14, 15). As a
matter of fact, isogrid are lattice structures realized by means of
triangular stiffening ribs, in order to ensure high specific
compression resistance to thin structures such as fuselage
panels, fuel tanks, boosters, etc. (Ref 16, 17). Forcellese et al.
demonstrated that the geometric parameters of the elementary
lattice cell and the structure, such as the rib thickness, rib width
and cell height, have to be accurately chosen since they
strongly influence the mechanical performances of the 3D-
printed isogrid (Ref 14, 15). Specifically, according to the
results shown by Wang and Abdalla (Ref 18) and by Elumalai
et al. (Ref 19), the authors demonstrated that buckling, that is
the typical failure mode of compressive-loaded isogrid struc-
tures, can occur in two different modes: global and local
buckling. The global buckling occurs when the whole isogrid
structure collapses (Ref 20), while the local one involves the
localized failure of the ribs (Ref 21). Unfortunately, PA presents
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high hygroscopic capacity which can cause a moisture
adsorption during 3D printing process, resulting in a decrease
of mechanical properties of additively manufactured compo-
nents (Ref 11). No studies can be found concerning the effect of
moisture adsorbed by the polyamide material on the mechanical
performances of isogrid panels.

In this framework, the present investigation aims at analyzing
the effect of geometric parameters and moisture content on the
mechanical performances of 3D-printed isogrid structures in
Carbon PA. To this purpose, four different geometric configura-
tions of isogrid panels were manufactured, both in the undried and
the dried condition. Specifically, the dried isogrid structures were
obtained by removing the moisture from the samples through a
heating at 120 �C for 4 h. To measure the quantity of removed
moisture, samples were weighted before and after the drying
process. Tensile tests on standard specimens and buckling tests on
isogrid panels were performed. Undried samples were tested
immediately after 3D printing. Finally, the fractured samples were
analyzed by means of scanning electron microscopy and high
magnification three-dimensional topography of fractured surfaces
after testing were obtained.

2. Fabrication and Testing

2.1 Material and Printing Process

The composite material used in this study, defined as Carbon
PA, consists of a polyamide 6 reinforced with short carbon
fibers at 20% in weight, whose length and diameter are equal to
about 2000 lm and 7 lm, respectively (aspect ratio, that is the
ratio between length and diameter, of about 280).

According to the material datasheet, Carbon PA is character-
ized by a density equal to 1.43 g/cm3, an elastic modulus of
15.5 GPa and ultimate tensile strength equal to 138 MPa, as also
shown by authors in (Ref 14). The chosen material is supplied by
Roboze S.P.A. in the form of a 1.75 mm diameter filament,
suitable for processing through the fused filament fabrication
technique (FFF). For the additive manufacturing process, the
Roboze One+400 3D printer, equipped with FFF technology and
supplied by Roboze Spa, was used with the aim of realizing the
isogrid structures to be used for improving compression resistance
to flat components for automotive or aerospace applications. Since
the material is strongly subjected to moisture absorption, which
causes a significant decrease in mechanical properties, Carbon PA
was subjected to a drying process for about 4 h at the temperature
of 120 �C before the printing process. Moreover, during the
printing phase, the material was maintained at 70 �C in a
controlled environment to avoid moisture adsorption and to
improve printing quality, reducing void formation. Carbon PA
filament extrusion was performed at a temperature of 240 �C,
higher than the glass transition temperature of polyamide, using a
nozzle of 0.6 mm in diameter. For this 3D printer, it is not
expected a temperature-controlled chamber, but only the building
plate temperature can be modified. In this case, the plate
temperature has been set to 45 �C, in order to avoid detachment
of the sample.

2.2 Design Parameters of Isogrid Structures

The isogrid structures were designed by means of a CAD
software, by choosing the rib width and rib thickness in the
ranges of 3–5 mm and 4–15 mm respectively, as reported in

Table 1. As far as the other geometric parameters are
concerned, for all isogrid structures, the same values of cell
height, global length and global width, equal to 18, 106 and
80 mm, respectively, were chosen. The construction parameters
mentioned before are shown in Fig. 1(a).

The CAD files were then exported as an STL file and
imported into slicing software that translates 3D model into
instructions for the 3D printer by creating a GCODE file. The
software allowed to set the printing parameters: in this research,
an infill density equal to 100%, infill angle offset of 60� and
average printing speed of 50 mm/s print were chosen. A total of
16 isogrid structures in 8 different configurations were realized.
After 2 weeks since printing, isogrid was subjected to another
drying process in the oven for 4 h at 120 �C to remove the
moisture absorbed during and after printing. In order to
quantify the moisture removed, isogrid structures were
weighted before and after the second drying process using an
analytical balance with a resolution of 0.1 mg.

2.3 Tensile Test

In order to characterize the mechanical behavior of
polyamide reinforced with short carbon fibers, tensile tests
were carried out according to the ASTM D3039 standard. To
this purpose, dog bone samples were additively printed using
the Roboze One +400 at the maximum infill, choosing as
extrusion direction the tensile loading one (Ref 22). The tensile
sample was characterized by a gauge length, width and
thickness equal to 80, 10 and 2 mm, respectively. End tabs
were realized in order to bear the concentrate clamping load. In
order to investigate the effect of moisture content on the
mechanical performances of carbon fiber-reinforced polyamide,
samples were heated in an oven at 120 �C for 4 h and then
tested at room temperature using the universal testing machine
MTS 810. During tensile tests, the load (P) and nominal strain
(e) along the loading direction were acquired using a load cell
and an extensometer; the ratio between load and initial area of
cross section allowed to evaluate the nominal stress (s) value.
To guarantee the repeatability of the results, three tensile tests
were performed on the CFRP samples. The results obtained by
tensile tests on 3D-printed samples were compared to the
mechanical behavior of single filament before 3D printing
procedure.

2.4 Buckling Test of Isogrid Structures

Buckling tests of isogrid panels were carried out on the
servo-hydraulic testing machine MTS 810 in a displacement
control equal to 0.5 mm/min (Fig. 1b). In order to feature the
bending effect on isogrid structures in Carbon PA, lattice
structures were arranged with the shortest side in contact with
the plate. To determine the load (P) and the displacement (Dh)
during testing, the data were acquired with a load cell and a
linear variable displacement transducer (LVDT), respectively.
The buckling tests were carried out three times for each
geometric configuration investigated, thus allowing results

Table 1. Dimensions of the tested isogrid structures

Rib width, mm 3 3 3 3 5 5 5 5

Rib thickness, mm 4 8 10 15 3 8 10 15
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consolidation. Moreover, test images were acquired, using a
dedicated camera, to highlight the different failure mode of
dried and undried isogrid structures. The maximum specific
buckling load (Pmax/w) was derived by the results of buckling
tests, calculating the ratio between the maximum buckling load
Pmax and the weight of the structure before testing.

2.5 Scanning Electron Microscope Analysis

The cross section of filament in Carbon PA, before and after
3D printing process, was analyzed using the scanning electron
microscope FESEM ZEISS SUPRATM 40, with compact
GEMINI� objective lens, in order to acquire high magnifica-
tion three-dimensional topography of the Carbon PA to be
printed and to evaluate the effect of FFF technique on the short
carbon fiber orientation. Furthermore, fractured surfaces of
deformed isogrid structures subjected to buckling tests were
analyzed using SEM analysis in order to obtain high magni-
fication topography of fractured surfaces of deformed isogrid
structures. The samples for SEM investigation were coated by
means of a metallization process in order to make it conductive
for the analysis. The 3D-printed filaments were embedded and
polished for scanning electron microscope analysis.

3. Results and Discussion

3.1 Tensile Test

A typical stress versus strain curve of the 3D-printed CFRP
dried sample is plotted in Fig. 2. As it can be seen, the curve is
linear at low deformation values, with high elastic modulus (E)
which tends to decrease as the deformation increases, reflecting
the typical behavior of filled plastics. According to the ASTM
D3039, E was calculated at strain values ranging between 0.001
and 0.003; the mean elastic modulus value of 14.1 ± 0.4 GPa
was obtained by three tested samples. As far as the ultimate
tensile strength (UTS) is concerned, the mean value obtained
was equal to 138 ± 6 MPa. The good repeatability of the
results is demonstrated by the low standard deviations calcu-
lated. The results of E and UTS for the undried tensile samples
were 13.5 GPa and 127 MPa, respectively, as shown by the

authors in (Ref 14). By comparing the results obtained by the
undried and dried samples (Fig. 2), an increase both in the
Young�s modulus of 4% and in the ultimate tensile strength of
9% was obtained by removing the moisture adsorbed by the
polyamide through the drying process.

These results are fully in line with those present in literature
(Ref 23, 24), thus demonstrating that also in the 3D printing
process, the presence of humidity tends to degrade the
interfacial stress transfer efficiency between fibers and poly-
amide.

In addition, results of the tensile test performed on Carbon
PA filaments are reported in Fig. 3. As it can be observed, the
maximum stress is similar to that of 3D-printed tensile
specimens while the maximum strain is sensibly higher. This
behavior is in agreement with that reported in scientific
literature (Ref 25, 26).

3.2 Buckling Test of Isogrid Structures

Compression tests performed on isogrid structures showed
that both dried and undried samples fail under buckling.
Figure 4(a) shows typical load vs. displacement curves
recorded during buckling tests on dried and undried isogrid
structures, characterized by the same geometrical parameters.
Irrespective of the moisture content, it can be seen that the load
increases with displacement up to a peak value (Pmax) reached
at to the onset of buckling of structure (global buckling) or ribs
(local buckling).

More in detail, global buckling, which causes the collapse of
the whole structure, occurs in isogrid structures characterized
by small rib thicknesses, while local buckling, leading to a
localized failure of ribs, appears as the rib thickness increases
(Ref 18). Figure 4(a) also shows that, for a given displacement,
the dried configuration is characterized by a rise in the load
applied to the isogrid structure during buckling test. The effect
of moisture content on the fracture mechanisms of structures
can be observed in the different ways in which structures
collapse. As it can be seen by the videos attached at the present
work as supplementary materials, the thicker undried structures
investigated in the present paper, characterized by a rib
thickness of 15 mm, failed under local buckling (video 1),
differently from thinner structures (rib thickness equal to 4, 8

Fig. 1. (a) Geometrical parameters of an isogrid structure and (b) buckling tests of isogrid structure
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Fig. 2. Typical stress vs. strain curves of 3D-printed CFRP dried and undried samples

Fig. 3. Typical stress vs. strain curve of Carbon PA filament

Fig. 4. (a) Effect on the moisture content on the typical load vs. displacement curves of an isogrid structure in polyamide resin reinforced with
short carbon fibers (rib width= 5 mm, rib thickness= 8 mm), and (b) effect of rib width on the specific maximum load vs. rib thickness curves
obtained by isogrid structures under buckling test
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and 10 mm) which underwent to global buckling phenomena
(video 2). However, the undried samples exhibited a ductile
failure, characterized by a plastic deformation with activates
internal micro failures. On the contrary, the dried configuration
was characterized by a brittle failure, which causes an explosive
rupture (video 3). Specifically, by observing the last frames of
the video before the onset of fracture, it can be seen that the
thicker dried structures deform under local buckling, while the
thinner ones deform with a global buckling mode. Moreover,
the moisture has no effect on the failure mode. Figure 5 shows
the pre-failure frames of the acquired videos and the relative
post-test isogrid structures.

Typical maximum specific buckling load (Pmax/w) versus
rib thickness curves are shown in Fig. 4(b). Irrespective of the
rib width investigated, it is worth to notice that Pmax/w ratio

enhances linearly with rib thickness until the value of rib
thickness equal to 10 mm is reached. Then, as the rib thickness
further increases up to 15 mm, the growth rate of the Pmax/w
strongly decreases. This behavior can be attributed to the onset
of local buckling which results in a lower load carrying
capacity of structures, as demonstrated by Wang and Abdalla
(Ref 18). Furthermore, the Pmax/w values tend to decrease
with increasing rib width. Such discrepancy is less marked as
the undried configurations were considered.

Table 2 summarizes the Pmax and the Pmax/w for each tested
structure, as well as the moisture loss during the drying process of
the samples. It can be observed that the drying process allows to
increase both resistance and specific resistance of the isogrid
structures. In the last column, this increase in resistance was
obtained by calculating the growth rate between the specific
resistance of an undried isogrid structure and the correspondent in
the dried configuration.

The increase in the specific resistance and the moisture loss is
also plotted in Fig. 6 for a better understanding. It can be observed
that the more the moisture is removed, the more the specific
resistance increases. In addition, the structures with a thickness of
4 mm present the highest values of moisture loss (1.16 and 0.97%)
as well as the highest increase in specific resistance (47 and 32%),
denoting that moisture was easily removed from thin structures.
As far as the isogrids with a rib thickness higher than 4 mm is
concerned, the moisture loss ranges from 0.72 to 0.89% while the
increase in resistance from 16 to 22%. In addition, irrespective of
the rib width, it can be noted that as the rib thickness decreases,
the increase in resistance tends to enhance. Then, the increase in
resistance is higher in structures with a rib width of 3 mm with
respect the ones characterized by a rib width of 5 mm.

3.3 Scanning Electron Microscope Analysis

SEM images of the filament before and after 3D printing
technique are shown in Fig. 7. It can be observed that the
original filament is characterized by a porosity spread over the
entire cross section of the Carbon PA filament and the short
carbon fibers are randomly arranged (Fig. 7a). On the contrary,
the 3D-printed filament exhibits fibers aligned in the direction
of extrusion; furthermore, the cross section no longer shows the
initial porosity (Fig 7b).

SEM images of fractured surfaces of both undried and dried
isogrid structures after buckling tests are shown in Fig. 8. By
considering the dried configuration of isogrid (Fig. 8a and c),
the fibers appear less enveloped in resin, probably due to the
absence of moisture. As far as the fractured surface of undried
isogrid is concerned (Fig. 8b and d), it can be observed a
surface characterized by a matrix yielding and matrix and fibers
debonding, attributed to the presence of water molecules into
the polyamide which causes ductile fracture of the matrix and
physical damage of fiber-matrix interface.

4. Conclusion

In this paper, composite isogrid structures in polyamide
reinforced with 20% in weight of short carbon fibers were
produced by FFF 3D printing. The effect of geometric
parameters and moisture content on buckling behavior of
isogrid structures was investigated. The main results can be
summarized as follows:Fig. 5. Pre-failure video frame and relative isogrid structure of: (a)

local buckling, (b) global buckling and (c) explosive failure
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Table 2. Pmax, Pmax/w, moisture loss and increase in specific resistance of the isogrid structures under buckling test

Structure

Undried Dried

Moisture loss, %Increase in specific resistance, %Pmax, KN Pmax/w, KN/g Pmax, KN Pmax/w, KN/g

3x4 1.1 0.05 2.07 0.09 1.16 47%
3x8 13.2 0.29 14.85 0.38 0.89 22%
3x10 21.3 0.39 24.0 0.47 0.89 18%
3x15 32.1 0.39 35.4 0.48 0.87 18%
5x4 1.68 0.05 2.48 0.07 0.97 32%
5x8 19.37 0.28 23.56 0.34 0.74 16%
5x10 31.6 0.38 37 0.45 0.81 16%
5x15 49.73 0.39 59.25 0.47 0.72 16%

Fig. 6. Specific resistance and moisture loss of the CFRP isogrid structures

Fig. 7. SEM images of the Carbon PA filament cross section (a) before 3D printing and (b) after 3D printing
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• The load recorded during buckling test increases with dis-
placement up to a peak value reached at to the onset of
buckling; the dried configuration is characterized by a rise
in the load applied to the isogrid structure during buckling
test;

• Isogrid structures can fail under local or global buckling,
as a function of geometric parameters; the moisture con-
tent does not affect the failure mode;

• Irrespective of the rib thickness and moisture content ta-
ken into account, the maximum specific buckling load, de-
creases with the rib width, even though such effect is
negligible as the undried configuration is considered. As
the rib thickness increases, the maximum buckling load
linearly growths until the rib thickness of 10 mm is
reached; then, as the rib thickness further increases up to
15 mm, the Pmax/w value remains constant.

• The dried isogrid structures lead to an increase of both
resistance and specific resistance;

• Moisture can be easily removed from thin isogrid struc-
tures;

• The more the moisture is removed, the more the increase
in specific resistance is evident;

• The dried isogrid structures fail in a brittle manner while

the undried ones present a ductile fracture;
• SEM images showed the differences on the fracture sur-

faces of dried and undried isogrids.

Removing moisture from CFRP realized using polyamide as
matrix represents a key task to produce more performing
composite components. Moreover, in order to avoid moisture
adsorption during the use phase of components, surface
coatings shall be considered, thus allowing the maintenance
of the expected mechanical performances.

Future work will be focused on the comparison of FFF 3D-
printed composite structures with traditionally produced isogrid
structures.
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