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Abstract. The effect of crack propagation management by using a fused deposition modeling (FDM) technique on the environmental stress cracking (ESC) behavior of neat polycarbonate (PC) and PC with 1 vol% SiO2 nanocomposites were investigated. The results demonstrate that the crack growth behavior of materials and their ESC resistance are strongly dependent on the printing direction. The ESC resistance and failure time of an FDM print-on injection-molded specimen exhibit
the greatest values when the printing direction parallels to the load direction. Comparative analyses of the fracture surfaces
reveal that the excellent stress cracking resistance can contribute to favorable stress and load distribution at the crack front
area, where the printed continuous strands in alignment with the load can efficiently carry and transfer it. However, the
degree of ESC improvement by managing the direction of craze/crack propagation via printing direction is more pronounced
in neat PC than those of PC-SiO2 nanocomposites.
Keywords: nanocomposites, polycarbonate (PC), fused deposition modeling (FDM), environmental stress cracking (ESC),
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1. Introduction

the melting of a thermoplastic filament in a hot die,
which deposits polymer strands according to accurately pre-defined path layer by layer. During the
process, the polymer strands with a high viscous weld
those fully molten strands together to form the layers.
Controlling the weld formation as a crucial factor has
been well studied [1–8]. This kind of novel technology deposits material in a directional way that results
in components with unique anisotropic behavior,
which has been observed to obviously impact mechanical properties [7, 9, 10]. There are various commercial available thermoplastics which are successfully applied for the FDM technique, i.e. polylactic

Additive manufacturing or 3D printing technologies
has been continuously developed in the past three
decades. Specifically, an extrusion-based additive
manufacturing technology, so-called fused deposition modeling (FDM) has been widely used as a
novel processing technique to design and prototype
polymer components in recent years. Compared with
conventional subtractive techniques for polymer processing, FDM provides the benefits of moldless direct and flexible production of customized products
with complex geometries, which is also highlighted
with low investment costs. The process is based on
*

Corresponding author, e-mail: alois.schlarb@mv.uni-kl.de
© BME-PT

194

Huang et al. – eXPRESS Polymer Letters Vol.15, No.3 (2021) 194–202

2. Experimental and methodology
2.1 Materials and sample preparation

acid (PLA) [11–13], acrylonitrile butadiene styrene
(ABS) [6, 9], polyethylene terephthalate glycol-modified (PETG) [14, 15], polyvinyl alcohol (PVA) [16,
17], polyamide (PA) [18, 19], etc. Besides, an industrial thermoplastic polycarbonate (PC) has gained increasing attention on its manufacture by using FDM
technology due to its excellent durability, stability,
and transparency [20–25]. Some work on 3D printing with filled polymers has also been published recently [26–30]. It was shown that graphene [26, 27],
carbon nanotubes [28, 29], and PCL gelatin nanofibers [30] could improve the mechanical properties
of polymeric parts produced by FDM.
However, one of the major shortcomings of polymeric materials involves the environmental stress
cracking (ESC), which may occur due to the simultaneous action of mechanical stress and chemical
contamination during service (e.g., in medical, automotive, marine, and coating applications) [31, 32].
Therefore, the ESC of plastics is a serious issue and
has been extensively investigated in the last decades.
Previous researches have shown that ESC is responsible for approximately 25–30% of all plastic component failures in service [31, 33, 34]. Most importantly, about 90% of these failures occur especially
in amorphous (glassy) polymers such as polycarbonate (PC), poly(methyl methacrylate) (PMMA), and
polysulfone (PSF), where stress-cracking agents can
severely diffuse into their molecular network and
promotes premature ESC failure via molecular disentanglement [34–36]. Several studies on the ESC
failure demonstrated that the ESC behavior of polymers strongly depends on the solvent solubility parameter relative to those of the polymers as well as
on the size and shape of the ESC agents [22, 37, 38].
Efforts have been made to improve the ESC behavior by incorporating different functionalities such as
glass fibers [35, 39] and organically modified montmorillonite [40]. In particular, our previous research
works presented a significant improvement of ESC
resistance of PC nanocomponents in different media
by incorporation of nano-sized fillers [33, 36].
In the present study, we prepared compact tension
(CT) specimens of PC and its nanocomposite coating by FDM technique aiming to control the environmental stress cracking behavior with respect to
the anisotropic properties of FDM manufactured
components.

A commercial polycarbonate (PC) with Young’s
modulus E = 2.4 GPa and tensile strength σ = 65 MPa
(Makrolon 2405, Bayer Materials Science/Covestro
AG, Germany) was used as the polymeric matrix in
this study. As filler hydrophobic fumed nano-silica
(SiO2) with a mean particle diameter of 12 nm
(Aerosil R8200®, Evonik Industries AG, Germany)
due to the supplier was chosen. The compounding
of the PC-SiO2 nanocomposite was carried out on a
co-rotated twin-screw extruder (ZSE 18 MAXX,
Leistritz, Nürnberg, Germany) by using a two-step
compounding process. Neat polymer and nano-silica
particles were first compounded into a masterbatch,
which was then diluted to the 1 vol% nano-silica
particle content. The barrel temperature was set from
240 °C near the hopper to 270 °C at the die, and the
screw speed was kept at 100 rpm, respectively. Afterward, the compound granules were fabricated via
a filament extruder (Precision 450, 3devo, Netherlands) into filaments with a diameter of 1.7 mm for
use in the FDM print process.
In parallel, the compound granules were also injection-molded via an injection molding machine (Engel
victory 80, Engel Austria GmbH, Schwertberg, Austria) into 50×50×4 mm3 sheets. Then, the injectionmolded sheets were milled to CT specimens with
two cavities of each 0.6 mm depth, which were further filled with three layers of each 0.2 mm height
with different printing directions (0, ±45, and 90° to
applied force (F) direction), as is shown in Figure 1a.
For comparison, the entire CT specimen was printed
as a part at 0° as well (Figure 1b). All the 3D printing
processes were performed on a modified 3D printer
(Ultimaker 2, Ultimaker B.V., Utrecht, Netherlands).
An overview of the different materials and processing methods are listed in Table 1. Based on preliminary work we choose the FDM parameters as shown
in the lower part of Table 1.

2.2. Characterizations of the environmental
stress cracking behavior
The ESC experimental set-up is described in detail in
our previous study [33, 36]. The pre-crack was made
in the specimens by lightly tapping a fresh razor
blade into the bottom of the saw slot. The pre-crack
length (a0, [mm]) ranged from 0.45 < a0/W < 0.55.
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Figure 1. Schematic illustration of (a) FDM print-on injection-molded specimen with different printing directions and
(b) fully FDM printed specimen at 0°.
Table 1. An overview of different materials and processing methods of CT-specimens.
Processing methods/Lay-up direction
Designation

Filler content

Injection molding
(IM)

Fused deposition modeling
(FDM)

IM + FDM

[vol%]

–

0°

0°

±45°

90°

PC

0

×

×

×

×

×

PC-SiO2

1

×

–

×

–

–

3D printing parameters
Nozzle temperature

Platform temperature

[°C]

[°C]

[mm/s]

[mm]

[mm]

PC

290

150

10

0.2

0.3

PC-SiO2

265

150

08

0.2

0.3

Designation

a
a X= 2+ W
fS W
#R - a W3/2 & $ #0.866 + 4.64 Wa 1 W

Isopropanol (CAS number: 67-63-0) was used as
ESC agent [36]. All tests were performed at room
temperature (23±1 °C) and constant load. The development of the macro-crack length and the crack
damage area were monitored and documented using
a CCD-camera (EOS 1200D, Canon) for further
analysis. All the data presented correspond to the average of at least three measurements.
From the captured images, a measured macro-crack
length (a [mm]) was used to determine the transient
macro-crack length (da⁄dt [mm/s]) and as an input
for calculating the mode I stress intensity factor (KI
[MPa·m1/2]) of the CT specimen according to the
Equation (1):
a X$T
KI = f S W

F
Y
BW1/2

Printing speed Layer thickness Raster width

2

3

4

a X + 14.72 S a X - 5.6 S a X &
-13.32 S W
(2)
W
W
F is the applied load [N], B and W denote the specimen dimensions 4 and 30 mm, respectively.
After ESC tests, the fracture surface of failed CT
specimens was analyzed by using the Keyence confocal 3D laser scanning microscope (VK-X 1000,
Germany).

3. Results and discussion
The process of stress cracking starts with crazing,
which is characterized by the formation of fibrils and
microvoids, followed by the failure of some fibrils,
the development of macro-voids, and ultimately the
progress of a macrocrack. The material orientation

(1)

where f is given by Equation (2):
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Table 2. Crack propagation behavior of neat PC with different printing direction in isopropanol.
PC:IM

PC:FDM
0°

PC:IM+FDM
0°

PC:IM+FDM
±45°

PC:IM+FDM
90°

which develops in two directions, displaying a similar ‘candle flame’ pattern in front of the advancing
ridge tip. It is interesting to note that the major directions of craze/crack propagation of FDM-processed
materials seem to follow the printing direction. A
blunting of the micro-crack due to multiple crazing
deformations appear in the specimen printed at 0° to
the loading direction. Similar behavior is observed
in the specimen printed at ±45° but on a smaller
scale. Conversely, an intense crazing area with only
one major direction of deformation, is observed in
the specimen printed at 90° to the loading direction.
These different types of deformation areas indicate
different dissipation of the fracture energy, thus implying a different fracture mechanism in the isopropanol [41, 42]. As is evident, the crack growth
behavior can be controlled by the printing direction
in the FDM process.
The effect of the printing direction on the macrocrack propagation rate as a function of the KI factor
of the neat PC is shown in Figure 2, and the average
values of critical stress intensity factor (KIc), slope

due to the formation of fibrils and the locally different densities lead to a scattering of incident light in
different directions depending on its wavelength.
The different shades in front of the crack tip are,
therefore, an indicator of the deformation processes
in this area. Table 2 shows the deformation area of
both injection-molded and FDM-processed neat PC,

Figure 2. Macro-crack propagation rate as a function of KI
factor of neat PC with different processing methods and printing directions.

Figure 3. (a) KIc and slope in stable crack growth region and (b) failure time of neat PC with different processing methods
and printing directions.
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in the stable crack growth region and failure time are
shown in Figure 3a and 3b, respectively. As expected, the aforementioned difference in crack growth
behavior controlled by the printing direction has a
substantial effect on the improvement of ESC resistance and failure time of the materials. The FDM
print-on injection molded parts at 0° (PC:IM+FDM
0°) has the highest ESC resistance followed by ±45°
(PC:IM+FDM ±45°), as indicated by an increase in
the values of KIc and a decrease of slope in the stable

crack growth region. Accordingly, the service life is
prolonged by about 53% in isopropanol, as compared to injection molded specimens. In contrast,
FDM print-on injection molded parts at 90°
(PC:IM+FDM 90°) is indeed observed to have the
lowest ESC resistance, which agrees well with the
reported results of fracture toughness of 3D printed
parts [2, 8, 41]. A printed part exhibits poor properties when the applied load is perpendicular to the
alignment of the printed strands. Thus, a layer

Figure 4. (a) CT-specimens of neat PC with printing direction 90° and (b) 0° after ESC tests, (c) fracture surface of 90°-direction and (d) 0°-direction. The number and the dashed line indicate the printed layers and the boundary of printed
layers and injection molded specimens, respectively, (e) detail view of crack propagation of 90°-direction and
(f) 0°-direction printed layers.
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believed to be important for absorbing energy to prevents fracture. It is also worthy of noting that the
specimen at 0°-direction exhibits a kind of arbitrary
fracture performance with respect to crack propagation, as indicated by the white arrows in Figure 4f.
It is revealed that the force starts breaking printed
strands closed to crack tip in sequence along the direction of crack propagation, absorbing more fracture energy over a larger area, which results in a
higher ESC resistance. All the above-mentioned
crack deflections between the strands and the weld
areas between printed and injection-molded parts
contributed to the better properties of the specimens
manufactured in a combination of injection molding
and 3D printing (IM+FDM 0°). Conversely, crack
propagation in the specimen at 90°-direction took
place straightly along the weld line between strands
(Figure 4e), where the delamination failure of 3D
printed part usually occurs due to the weak weld formation. As a result, faster crack propagation was exhibited, as discussed beforehand.

delamination failure usually occurs at a lower force
and promotes faster crack propagation. In addition,
full FDM printed parts (FDM) at 0° (PC:FDM 0°) is
noticeable to have the lower ESC resistance compared to injection molded specimens (PC:IM).
Fracture mechanisms were characterized by inspecting the fractured surface and the damaged zone
around the crack front in the CT specimens. As is
shown in Figure 4, CT-specimens of neat PC with
printing direction 90° exhibit quite smooth fractured
surface compared to those of 0°-direction (Figure 4a
and 4b). A close view of the fractured surface clearly
demonstrates that the printed layers at 90° still keep
in original form with a visible weld line, where
smooth and featureless surface indicate weak interfacial welding between strands to resist crack propagation, resulting in a poor ESC performance (Figure 4c). In contrast, a high level of plastic deformations took place at the printed layers in 0°-direction,
as can be seen in Figure 4d. The deformation of the
specimen due to crazing of the polymer, which is

Figure 5. (a) Macro-crack propagation rate as a function of KI factor, (b) KIc and slope in the stable crack growth region,
and (c) failure time of neat PC and PC-S nanocomposite with different processing methods.
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A successful improvement in ESC resistance by controlling the direction of craze/crack propagation via
printing direction is also found in PC nanocomposites
filled with 1 vol% nano-SiO2, as can be seen in Figure 5. The FDM print-on injection-molded PC-SiO2
nanocomposite at 0° (PC-S:IM+FDM 0°), exhibits
greater ESC resistance than that of the injected specimen (PC-S:IM). As it can be clearly observed that
there is a significant improvement in the KIc and a reduction in the crack propagation rate with the FDM
print-on injection-molded nanocomposite. However,
the degree of ESC improvement for the PC-based
nanocomposites is less than those of neat PC.
Concerning the effect of nanofiller, it is interesting
to note that the incorporation of nano-SiO2 to PC
causes a significant reduction in the crack propagation rate and prolongs the onset period of catastrophic failure (KIc), and thus increases the ESC resistance
and the failure time of the materials. The great improvement in the ESC resistance is achieved due to
the formation of dissipative energy structures (cavities, debonding, and localized micro-deformation)
induced by nanoparticles, which results in effective
energy dissipation during the deformation process
[33, 36]. Therefore, it can be suggested that the addition of nanoparticles to PC is an alternative method
for controlling the crack propagation behavior of the
materials.

filled polycarbonate, even if the effect is stronger in
neat polycarbonate.
Therefore, the combination of injection molding with
a local filling of cavities by means of 3D printing
therefore seems to be an effective approach to control
the properties of a component by processing alone.
The behavior is crucially determined by the quality
of the weld seams between the 3D printed strands.
While the weld lines with crack growth parallel to
the direction of deposition prove to be a weak point,
the better deformability with a load parallel to the
direction of deposit and thus a perpendicular crack
growth leads to a significantly higher resistance to
stress cracking. The particularly good properties of
the samples produced in a combination of injection
molding and 3D printing are due to crack deflections
between the strands and the weld areas between
printed and injection-molded areas.
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