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Abstract: CFRPs provide excellent mechanical properties and 

tailor-made designs for several applications. Using continuous 

fiber fabrication (CFF) 3D printing technology, 3D printed 

constructs with mechanical properties higher than common 

3D printed components can be printed. However, challenges 
remain such as the standardization of processes and 

characterization techniques to ensure the production of 3D 

printed CFRPs with good consolidation of reinforcement 

fibers into the polymer matrix and controlled fiber orientation. 

In this work, 3D printed carbon fiber nylon mechanical 

properties are investigated through static tensile and fatigue 

tests in order to assess the performance of such structures. 

Also, the mechanical properties of 3D printed PLA and 

nylonareexaminedfor comparison. As expected, the results 

areshown that the pure nylon specimens had plastic 

deformation behaviour (as it was also for PLA) in contrast to 
carbon fiber reinforced nylon, which had almost elastic 

deformation behaviour. The modulus and strength were 

significantly increased. The fatigue results (R=0) showed that 

the carbon fibres are relatively insensitive to such a loading 

regime. 

Key words: 3D printing, carbon fiber, nylon, fatigue, 

continuous filament fabrication, mechanical properties. 

 

1. INTRODUCTION 
 

3D printing is at the forefront of research activities 
worldwide, as the commercial exploitation of this 

technology is expected to displace some traditional 

manufacturing methods over the next few years [1-2]. 
3D print materials currently available on the market 

have limited mechanical properties, thereby it is 

necessary to develop printable materials for special 
applications with high performance [3-8]. Composite 

materials can be printed using the Fused Deposition 

Modelling (FDM) 3D printing technique where a 

thermoplastic material is extruded through a hot 
nozzle. The viscous material solidifies on the build 

plate forming parts with accuracy typically in the 

order of 100μm. The mechanical properties of 3D 
printed parts can deviate significantly from the 

material bulk properties due to the structure formed 

on the meso-scale during printing [9]. 

During processing, parameters such as temperature, 
viscosity and surface energy play an important role in 

material flow properties and more importantly, how 

the final interface between the beads is formed. 
Furthermore, the effect of raster angle can lead to 

different properties across the principal material 

directions [10], like the orthotropic behaviour of fibre 

composites, with diminished mechanical properties of 
the printed parts [11]. 

Important features that strongly affect the 

mesostructure (arrangement of material(s) within the 
component) and the mechanical properties of the 

component are the contact area between the printed 

lines and the minimization of the overall void content 

by optimizing the printing process. This process is 
sensitive to the viscosity (temperature dependent), 

thermal conductivity and heat capacity of the 

material, as well as the cooling rate (determined by 
external environment) [12]. 

The FDM process can also be used to print carbon fiber 

reinforced plastics (CFRPs) by adding fibres into the 
thermoplastic filament [13, 14]. CFRPs provide 

excellent mechanical properties and tailor-made designs 

for several applications [11, 12]. Morever, they provide 

stability to the parts, reducing and even avoiding the 
shape distortions that usually appear in the printing of 

3D parts [15]. However, challenges remain such as the 

processes to ensure the production of CFRPs with good 
consolidation of reinforcement fibers into the polymer 

matrix, controlled fiber orientation and low cost. While 

a wide range of CFRPs are available for the 
manufacturing of composites, most of them are 

produced in a two-stage process during which pressure 

needs to be applied over the entire part surface area, 

which requires expensive equipment leading to 
increased production costs. Using Continuous Filament 

Fabrication (CFF) technology developed by Markforged 

[16], continuous fiber reinforced polymers with 
mechanical properties higher than common 3D printers 

can be printed. This opens new applications in both 

personal fabrication market and manufacturing of 
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lightweight parts for industry. During processing using 
this printer, first, a matrix of nylon oronyxis constructed 

and then matrix is overlayedwithfiber filament layer by 

layer. Patterning is important, because it changesthe 

structure of the component. Both micro- and macro-
structurearecritical for the mechanical properties and 

performance of the parts. In view of this, the mechanical 

characterization of the materials is crucial to optimize 
materials and properties and produce cost-efficient 

industrial parts. 

Fatigue is one of the most important properties since 
it is the process of progressive localized permanent 

structural change occurring in a material subjected to 

conditions that produce fluctuating stresses and 

strains at some point or points that may culminate in 
cracks or complete fracture after a sufficient number 

of fluctuations [17]. During fatigue, parts fail due to 

usage without reaching their static limit. Fatigue 
includes several processes such as the various defects 

and pores created during the solidification and their 

effect on the fracture and (fatigue) resistance. In this 

light, during 3D printing the entrainment of voids 
during solidification becomes a key issue to optimize 

materials and processes. 

About (50–90)% of mechanical failures are related to 
fatigue [18]. However, since CFF is a newly developed 

technology, not many of the properties have been 

investigated yet and relatively little experimental data is 
available [19-23]. In this work, 3D printed specimens of 

carbon fiber nylon are assessedthrough tensile and 

fatigue tests aiming at adding to the knowledge base 

critical information on material’s mechanical response. 
Carbon fiber nylon with advanced mechanical 

properties was efficiently fabricated using the 

established 3D printing CFF technology (double 
extruder with two nozzles, one for the matrix made of 

nylon, and one for the continuous carbon fibers) and by 

optimizing the 3D printing process. Also, 3D printed 
polylactic acid (PLA) and polyamide (nylon) are 

examined in comparison to carbon fiber nylon. 

 

2. MATERIALS AND METHODS 
 

Tensile tests were performed according to Standard 

Test Method for Tensile Properties of Polymer 
Matrix Composite Materials, ASTM D3039/D3039M 

– 14 [24]. The tensile test machine used for these 

tests was a Testometric M500-50 AT with a load cell 

of 50kN and a clamping device. In accordance with 
ASTM the head speed was set at 2mm/min and 

displacement and force was recorded to the test rig’s 

data acquisition and control unit. 
PLA samples were printed using a sigma BCN3D 3D 

printer. The printer has an extruder that deposits 

molten material with a nozzle on a building plate 
layer by layer. Stepper motors are used to move the 

extruder and/or the table in the three axes. 

The PLA specimens, shown in Figure1, were fabricated 
with a layer thickness of 0.125mm. This allows only 

unidirectional structure in the central area of interest, at 

0 deg, which, according to the preliminary comparison 

tests performed, was the strongest configuration. 
 

 
Fig. 1. PLA tension specimens, 3D printed according to 

ASTM D3039/D3039M – 14 [23] 
 
Nylon and nylon-carbon samples were printed using a 

Markforged Mark Two CFF printer. The system uses 

the FDM technology together with laying continuous 
fibers, for this reason it features a double extruder 

with two nozzles, one for the matrix, made of nylon, 

and one for the continuous fibers (carbon, fiberglass, 
Kevlar or HSHT glass) [16]. 

The nylon specimens, shown in Figure 2, were 

fabricatedalso with a layer thickness of 0.125mm to 

allow only unidirectional structure in the central area of 
interest, at 0 deg. 

 

 
Fig. 2. Nylon tension specimens 3D printed according to 

ASTM D3039/D3039M – 14 [24] 
 

The nylon-carbon specimens, shown in Figure 3, 
were fabricated horizontally as well, with a layer 

thickness of 0.125mm. The layers were adjusted to 

have the carbon fibres along the specimens, at 0deg, 
limiting the formation of a notch that could 

negatively affect specimen’s strength. The pattern 

used was the isotropic fibre pattern for best layup 
configuration for tensile stresses, as it is shown in 

Figure 4. An example of the layup sequence can be 

seen in Figure 5. In addition, isotropic infill carbon 

fiber has shown higher resistance to fatigue failure in 
comparison to concentric [23]. The concentric 

pattern, which traces a specific number of shells 

within the outside contours of the part, helps to 
reinforce from bending around the z axis [16].  

 

 
Fig. 3. Nylon-carbon tension specimens 3D printed 

according to ASTM D3039/D3039M – 14 [24] 
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Fig. 4. The MarkforgedTM pre-processing software and the 

tensile specimen with the isotropic fiber pattern 
 

 
Fig. 5. Example of the layer setup 

 
Additionally, tests were performed to examine 

whether the FDM method produces orthotropic parts. 

Therefore, extra PLA specimens were fabricated. 

These specimens (labelled as PLA-v), were built 
vertically (with a length of 10mm), in order to test the 

adhesion of the layers in tension with a layer 

thickness of 0.2mm. Building up the samples 
vertically allows only unidirectional structure in the 

central critical area, at 90 deg. Figure 6 shows how 

the specimen was placed on the printing bed. 
 

 
Fig. 6. Vertical building of the PLA sample on the printing bed 
 
In Table 1, the dimensions of all specimens are 

collected for comparison, where l is the length, w is 

the width, t is the thickness and A is the cross-section 
surface area of the specimens. The nylon-carbon’s A 

value refers to the carbon cross section area only, due 

to the great difference between the mechanical 
characteristics of nylon and carbon components [19]. 

 
Table 1. Specimen dimensions 

Specimen l (mm) w (mm) t (mm) A (mm2) 

Nominal 100 10.00 1.50 15.00 

PLA-v 10 9.87 1.45 14.31 

PLA 100 10.07 1.68 16.91 

Nylon 100 10.07 1.68 16.10 

Nylon-carbon 100 6.50 0.60 3.90 

 

The configuration for fatigue experiments of nylon-

carbon samples includes a strain gage attached on the 

samples (Figure 7), as the fatigue tests have to be strain 

controlled. A grinder with high grinding velocity was 
used to configure heat transfer surfaces and control their 

roughness. The specimens were clamped to the test rig 

and after a quick check of the specimens’ stiffness and 
stresses in different loadings (lower than the actual test), 

the control unit drove the actuator to move up and down 

controlling the forces. The forces were set to reach the 

wanted stress amplitude and mean stresses. 
 

 
Fig. 7. CFF carbon-nylon fatigue specimens 

 

The frequency of the tests was set to a maximum of 

2Hz to control specimens’ temperature. As fatigue is 
a time-depended and long-lasting procedure, tests 

lasted for more than two weeks. Figure 8 shows a 

snapshot of the interface used to define the control 
parameters such as the minimum and maximum 

forces, along with the respective displacement values. 

The force and displacement values are shown in real 
time (in the form of a sinus equation). 

 

 
Fig. 8. The interface used to setup the fatigue experiments 
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The loading stress ratio was set at R=0, meaning that 
the specimens were loaded only from 0 up to a pre-

specified stress. According to Table 1, fatigue 

specimens were of the same geometry as those 

printed for the tensile testing. 
 

3. RESULTS AND DISCUSSIONS 

 

3.1 Tensile 
In Figure 9, the stress-strain graph of the PLA-v 

specimen is shown and in Figure 10 the stress-strain 
graphs of the PLA specimens are provided. Based on 

the graphs, an orthotropic behavior for PLA was 

observed; PLA-v specimen, that was built vertically, 

showed an ultimate tensile strength (UTS) 
ofσmax=14MPa, whereas PLA specimens built 

horizontally showed an UTS of σmax=42.4MPa. 

According to Figure 10, PLA shows a plastic 
deformation. The mechanical properties for tension are 

collected in Table 2, where σmax is the ultimate tensile 

strength (UTS), σy is the yield tensile strength, σbreak is 

the tensile break strength, εmax, el is the maximum 
elastic deformation, εmax, pl is the maximum plastic 

deformation (εmax, el + εmax, pl = εtotal), E is the Young’s 

modulus, Emax is the maximum Young’s modulus, Fmax 
is the maximum force and A is the cross section area. 

Literature’s values are also shown [25]. 
 

 
Fig. 9. Stress-strain diagram of the PLA comparison specimen 
 

 
Fig. 10. Stress-strain diagrams of PLA specimens 

 
Table 2. The tensile mechanical properties of the PLA 

specimens 
 PLA-v PLA 1 PLA 2 PLA average Literature 

σmax (MPa) 14 42.3 42.4 42.35 48-110 

σy (MPa) - 36.4 36 36.2 15.5-73 

σbreak(MPa) 14 36.4 36 36.2 14-70 

εmax, el 

(mm/mm) 
0.0049 0.0162 0.0150 0.0156 - 

εmax, pl 

(mm/mm) 
- 0.0119 0.0174 0.01465 0.005-0.92 

E (MPa) 2860 2609 2829 2719 2020-3550 

Emax (MPa) 3060 2776 2961 2868.5 - 

Fmax (N) 200 724.2 708.1 716.15 - 

A (mm2) 14.31 17.12 16.68 16.90 - 

 

The slightly lower value of σmax compared with 

literature is attributed to the fact that the PLA spool 

used for the specimens was exposed to ambient 
atmosphere, which diminished its mechanical 

properties [26, 27]. 

Figure 11 shows the stress-strain diagrams during nylon 

tensile tests.Nylon specimens showed a plastic 
deformation with high energy absorption rate area 

created under the stress–strain curve. Due to high 

deformation, specimens failed exactly at the transition 

area, the location where the central layers of the material 
meet the clamping area, according to the manufacturing 

characteristics (Figure 12). The process is represented in 

Figure 13. Based on nylon’s intrinsic characteristics the 
material can be elongated for up to 439% [20]. 

 

 
Fig. 11. Stress-strain diagrams of nylon specimens 

 

 
Fig. 12. The nylon specimens after tensile testing 

 
Fig. 13. Representation of the break initiation: light blue 

lines represent the edges of the material deposition 
 

The mechanical characteristics of the nylon samples 
are collected in Table 3, where σmax is the ultimate 

tensile strength (UTS), σy is the yield tensile strength, 
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σbreak is the tensile break strength, εmax, el is the 
maximum elastic deformation, εmax, pl is the maximum 

plastic deformation (εmax, el + εmax, pl = εtotal), E is the 

Young’s modulus, Emax is the maximum Young’s 

modulus, Fmax is the maximum force and A is the cross 
section area. Literature’s values are also shown [25]. 

 
Table 3. The tensile mechanical properties of the nylon 

specimens 

 Nylon 1 Nylon 2 
Nylon 

average 
Literature 

σmax (MPa) 45.3 50.5 47.9 61 

σy (MPa) 9.3 12.4 10.85 - 

σbreak (MPa) 45.3 50.5 47.9 - 

εmax, el (mm/mm) 0.136 0.148 0.142 - 

εmax, pl (mm/mm) 2.204 2.587 2.3955 4.39 

E (MPa) 332 342 337 530 

Emax (MPa) 420 413 416.5 - 

Fmax (N) 727 816 771.5 - 

A (mm2) 16.064 16.13 16.097 - 

 

In general, the main source of failure is attributed to 

geometric discontinuity or stress concentration. This 
form of discontinuity usually takes the form of a 

sharp change of geometry, opening, hole, notch, 

crack, etc. [28]. Classically, a notch-like defect can 

induce a crack when the stress field intensity near the 
notch root penetrates the process zone. In the current 

case, the lower values of tensile strength σmax on the 

nylon 1-2 samples in comparison to the literature can 
be explained by the fact that the specimens failed 

near the clamping area due to the notch created by the 

printing process. The elastic modulus E differs also 
between nylon 1-2 samples and literature, which can 

be attributed to the plastic deformation and structural 

changes of material during processing. 

During nylon testing, thecross-head speed (strain 

rate) plays a very crucial role in the process, as the 
material is highly elastic. In the ASTM standard used, 

the specification for the actuator movement is given 

in deformation rate of 2%/min. When calculated for 
the present specimens this is equal to 2mm/min. 

Other than that, nylon’s behaviour was very 

interesting from real stresses point of view. When 

calculating the real cross section area where the 
specimen broke, the real stresses reached 102 and 

153MPa for nylon 1 and nylon 2 samples, 

respectively. This means that the nylon is suitable for 
high elongation applications like under impact forces. 

The nylon-carbon samples showed an average tensile 

strength of 923MPa. Figure 14 represents the stress-

strain graphs of the samples while Figure 15 shows the 
samples after testing. An almost linear evolution can be 

observed until reaching the failure load. Usually an 

explosive failure could be expected, due to the 

alignment of the fibre with the load. Nevertheless, 
according to Figure 15, the failure occurred with a break 

almost perpendicular to the loading direction. This 

implies the presence of internal defects in the printed 
parts. Pressure during printing plays a critical role on the 

properties of both thermoset and thermoplastic based 

composites. The absence ofpressureis related to the 

presence ofdefects (pores and large matrix-dominated 
zones). Furthermore, the use ofinjector during printing 

may lead to thewavinesseffect on the fibres [29, 30]. 
 

 
Fig. 14. Stress-strain graphs of nylon-carbon samples 

 

 
Fig. 15. The nylon-carbon samples after testing 

 

The elastic deformation of the nylon-carbon samples 
is attributed to the carbon fibers. Young’s modulus 

value was found to be like that provided by literature 

for nylon-carbon. Tensile strength of 986MPa was 

previously reported for CFF samples. Usually, early 
fibre fracture of possibly wrinkled fibres, followed by 

relaxation of most of the fibres leading to a better 

alignment at higher load levels, is observed during 
testing [12]. 

The resulted mechanical properties for tension of the 

nylon-carbon samples are collected in Table 4, where 
σmax is the ultimate tensile strength (UTS), σy is the 

yield tensile strength, σbreak is the tensile break 

strength, σnom is the UTS for nominal cross section 

area, εmax, el is the maximum elastic deformation, εmax, pl 
is the maximum plastic deformation (εmax, el + εmax, pl = 

εtotal), E is the Young’s modulus, Emax is the maximum 

Young’s modulus, Fmax is the maximum force, A is the 
cross section area and Anom is the nominal cross section 

area. Literature’s values are also shown [25]. 
 

Table 4. The tensile mechanical properties of the nylon-

carbon specimens 

 
Nylon-

carbon 1 

Nylon-

carbon 2 

Nylon-
carbon 
average 

Literature 

σmax (MPa) 929.2 917.0513 923.1256 700 

σy (MPa) - - - - 

σbreak (MPa) 929.2 917.0513 923.1256 700 

σnom (MPa) 226.5 223.5 225 - 

εmax, el 
(mm/mm) 

0.0177 0.0175 0.0176 0.012 

εmax, pl 

(mm/mm) 
0.031 0.0306 0.0308 0.015 

E (MPa) 52460.25 53249.93 52855.09 54000 
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Emax (MPa) 54767.43 55055.61 54911.52 - 

Fmax (N) 3623.9 3576.5 3600.2 - 

A (mm2) 3.9 3.9 3.9 - 

Anom (mm2) 16 16 16 - 

 

3.2 Fatigue 
There are many types of fatigue like mechanical, thermal 

and chemical and the mechanism behind is the 
weakening of a material structure, in which cracks grow 

under repeatedly applied loads [31]. The results of fatigue 

testing are usually represented as stress-life (S-N) curves 

also known as Wöhler curves [32, 33]. There are three 
areas on this type of graphs: a) the low cycle fatigue that 

stress amplitude is almost as high as the materials tensile 

strength, b) the normal fatigue area, that designers use to 
give dimensions to the lightweight and more 

sophisticated designs like airplane components, and 

finally c) the high cycle fatigue area, used for 
components that are meant to last for more than one 

lifetime, this area is beneath the fatigue strength limit. 

The higher the stress, the smaller the number of cycles 

before failure. For some materials the S–N curve 

becomes horizontal at higher number of cycles.Below 
this stress level, fatigue failure will not occur. Some 

other materials do not have a fatigue limitandthe S–N 

curve continues its downward trend at increasingly 
greater number of cycles. For these materials, the 

fatigue response is specified as fatigue strength, which 

is defined as the stress level at which failure will occur 

for some specified number of cycles [31]. 

The testing stress levels are set strategically having in 
mind the total duration of the experiment series. Four 

levels were tested. The highest level was at 89% of 

the UTS, the second 84%, the third 81% and the 
fourth 78%. In Table 5 the samples tested during 

fatigue are shown with the respective stress amplitude 

for R=0. Each specimen was tested by controlling the 

stress values from the strain gages. 
 
Table 5.  Fatigue specimens (No 5-9) and results. Where R 

is the loading stress ratio, N the number of cycles 

and σmax the maximum stress 
Speciment No. for R=0 N σmax (MPa) 

7 401 821 

6 468 821 

8 58683 769 

5 238041 744 

9 292722 718 

 

Figure 16 shows a load sequence during testing, 

where the graph of stress versus time reveals the 
values needed for the fatigue calculations: the 

minimum, σmin=11MPa and the maximum, 

σmax=718MPa stress (sample No 9). 

 
Fig. 16. Load sequence of specimen 9during fatigue test 

 
All specimens failed near the clamping area and 

inside the controlled area with no signs of 

delamination in the breakage area, showing good 

adhesion between nylon and carbon. An example of 
sample breakage is shown in Figure 17. 

 

 
Fig. 17. Specimen after fatigue test 

 

Despite the fact that the number of experiments is 
small, some basic knowledge on the specimens 

fatigue characteristics can be gained. 

Based on the results above, the S-N curve (a trend 

line) can be calculatedby transferring data into 
logarithmic scale. After calculating the mid-pointas 

an average of the logarithms, σmean=774MPa and 

Nmean=15032 and the slope of the trend line (linear 

regression), k=53.5, the inference of an almost flat 
slope can be drawn when comparing the calculated 

slope value to the steel’s k, ranging usually from 4 to 

8. This is a behavior that carbon fibres exhibit as they 
are relatively fatigue insensitive [32], having an 

almost flat slope.The S-N graph resulted is shown in 

Figure 18. 

 

 
Fig. 18. The S-N curve with probability of survival, 

Ps=50% (scatter band, TN=8.75) 
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The curve shown in Figure 18 represents the 
specimen’s S-N curve with a Ps=50% probability of 

survival. Therefore, high maximum stress values of 

above 700MPa can be achieved for fatigue life of 106 

cycles, which would allow manufacturers design 
special lightweight structures with advanced 

mechanical properties.For instance, an N=107 cycles 

to failure component could have a maximum stress 
level of 685MPa for R=0 and a probability of 

survival, Ps=50%. 

In the design guidelines, like FKM Guideline [33], 

the rules are applied for long lasting components, the 

fatigue strength is set as the load level that failure 
occurs in 106, or 107 depending on the component 

characteristics and nature, with a probability of 

survival Ps=97.7%. Despite the small number of 
experiments, it could be calculated that for Ps=97.7% 

and N=107 the fatigue strength is 664MPa, which is 

still very high and could be utilized for failure critical 
and long lasting lightweight components. 

 

4. CONCLUSIONS 

CFF can produce sophisticated and lightweight parts, 

while it can fully exploit the enhanced carbon fibers’ 
rigidity and strength both in isotropic and concentric 

pattern even in fatigue conditions. The concentric 

pattern is more suitable for parts loaded axially or in 
bending and need strong outer surface. In the current 

work, the layers were adjusted to have the carbon 

fibres along the specimens, at 0deg, limiting the 

formation of a notch that could negatively affect 
specimen’s tensile strength. The geometry used was 

designed in CAD software according to the 

dimensions given in ASTM D3039 and it was 3D 
printed with the isotropic fibre pattern configuration 

in order to induce only tensile stresses.  

The testing results showed that the pure nylon 
specimens had plastic deformation behaviour with 

high energy absorption rate as seen from the area 

created under the tensile stress–strain curve in 

contrast to carbon fiber reinforced nylon, which had 
an almost elastic deformation behaviour. The 

modulus was significantly increased from 337MPa to 

53000MPa, while the strength was increased from 
48MPa to 923MPa since the specimen fully utilized 

the carbon fiber strength with a great level of 

adhesion between nylon and the carbon fibers.  

Even though more data is necessary for a full nylon-
carbon fatigue model, a preliminary, critical though, 

S-N curve was fitted. Fatigue results when R=0 

(unidirectional testing) showed that nylon did not 
play a crucial role to the specimens’ fatigue life, 

serving only as the matrix in the composite specimen 

structure. Therefore, the carbon fibres in 
sensitiveness to such a loading regime can be also 

observed in this composite configuration. 

Future investigation will include fatigue testing 
within a wider range of R-values and stress levels to 

better understand the mechanism behind failure. The 

results of the current work aim to contribute to the 

standardization of 3D printing production processes, 
since the derivation of the mechanical properties is 

the most crucial part in the optimization of materials 

and processes for the cost-efficient production of 
high-quality products. 
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