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Abstract

This research project analyzes the fatigue properties of fiber-reinforced additively manufactured (FRAM) specimens depending
on the effect of fiber orientation, infill type, and composition of FRAM material. Testing specimens with several fiber orientation,
infill type, and material compositions were printed using a 3D printer capable of printing with carbon fiber, fiberglass, and Kevlar.
Specimens were tested in a tension-tension mode with a stress ratio, R = 0.1. The data collected was analyzed with analysis
of variance (ANOVA) to investigate the significance of the load, number of rings, and materials on the number of cycles to
failure. A number of specimens were tested until they were broken. Highest resistance to failure were of the specimens made
of “isotropic” infill carbon fiber with zero and one ring. From the ANOVA results, material, load, and the number of rings
are all significant with regard to the number of cycles to failure. ANOVA also showed that load and material interaction
were slightly significant to fatigue life. Fiber can be varied for each layer of the specimens, thus changing the mechanical
properties of a part. Experiments like these can better the understanding of material properties to improve life of parts under
cyclic loading.

Keywords Additive manufacturing - Fiber reinforced additive manufacturing - Composite materials - Mechanical properties -
Fatigue - ANOVA

1 Introduction

Among many production technologies, Additive Manufacturing
(AM) is one of the latest manufacturing processes. Contrary to
the conventional manufacturing that creates waste and leftovers,
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AM produces near-net shape parts and allows usage of over
90% of the material [1]. The reduction of cost constraint to
produce a part is not as significant because the need for complex
jigs, fixtures, or moldings is eliminated. Complexity and cus-
tomization of the parts are also no longer a constraint. AM is
being utilized at an increasing rate in sectors such as aerospace
and motorsports due to offering high geometrical complexity
and short manufacturing lead times [2]. Another main driver
of the adoption of AM is the lightweight production of parts
[3]. Traditionally, AM has focused on metals and polymers.
However, recent techniques like FRAM have widened the scope
of material used in AM. Yet, the field of FRAM has been nar-
rowly studied. Generally, the fibers used in FRAM have been
discontinuous [4]. In recent years, the Markforged Mark Two
(MKEF) printer [5] seen in Fig. 1 has appeared on the market and
is able to print with continuous fibers. This printer functions by
first constructing a matrix of Nylon or Onyx and then overlaying
that matrix with fiber filament layer by layer. The pattern in
which the fibers are laid down is important, because it changes
the structure of the component. Microstructure and macrostruc-
ture are crucial for mechanical properties and performance of the
parts. Hence, testing the materials for mechanical properties is
critical for the utilization of the parts in industry. A very impor-
tant property is fatigue. Fatigue is officially defined and stated
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- and Kevlar specimens. Moving to fatigue properties of FRAM

materials, Kuchipudi [9] analyzed the effect of the angle of the

] fiber to the life of the specimens. Specimens with fiber filament
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Fig. 1 Markforged Mark Two 3D printer

by the American Society for Testing and Materials [6] as 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. Almost 50-90% of all mechanical fail-
ures are fatigue failures [7]. Hence, a thorough investigation in
fatigue properties of FRAM materials is paramount for design-
ing parts and systems. However, since continuous FRAM is a
new technology, not many of the properties have been tested and
analyzed. Dickson et al. [8] evaluated the mechanical perfor-
mance of FRAM in both tension and flexure. It was demonstrat-
ed that carbon fiber-filled specimens did better than fiberglass

Nylon Spool Fiber Spool

N
Extrusion Head
\ w/ Nozzles

Composite Part

Printing Bed
and Platform

Fig. 2 Schematic of MKF printer extrusion process

layers at 0°, 45°, and 90° were tested under different fiber vol-
umetric fractions. From the results, the specimens with fibers at
0° gave the best results. It should be mentioned that the fiber
reinforcement material was fiberglass. Generally, studies have
been conducted in conventional polymer materials without fiber
reinforcement. Fischer et al. [10] studied the fatigue behavior of
FDM Ultem 9085, which is an engineering polymer, printed on
Stratasys Type Fortus 400 mc with the independent variable
being direction of the print on the print bed. A similar study
was conducted with PLA material using Makerbot 2%, where
the specimens printed at different bed angles (0°, 45°, and 90°)
were tested for fatigue life, with 45° specimens performing
slightly better than 0° [11]. Since there is very little data, this
study aimed to add to the knowledge base on the effect of
different infill patterns and fiber orientations on the fatigue prop-
erties of FRAM.

2 Methodology
2.1 3D printer

The printer used in this experiment, an MKF printer, has dual
head extrusion nozzles which print the base and reinforcement
materials, sequentially. To produce a FRAM part, the digital file
is needed. This is a 3D solid model part produced with a
computer-aided design (CAD) software tool. Then, this file is
converted to a .STL file. This STL file is then uploaded to the
slicer. The MKF slicer is Eiger, which is a web-based slicer.
From the STL file in the slicer, the numerical control code is
generated, which commands the printer head what moves to
make and when to extrude materials, so the part is produced. A
schematic of the printer is shown in Fig. 2. Due to the sensitiv-
ity of the materials to moisture, the nylon spool is kept in a
watertight Pelican 1430 dry box for protection. The filaments
are pulled into the extrusion heads with the help of the stepper
motors. The temperature of the extrusion head is between 265
and 270 °C. At this temperature, nylon becomes molten and
begins to solidify once it leaves the nozzle. The first layers of
the part are nylon. The fiber reinforcement materials, which are
not in a molten state, are laid down horizontally layer by layer

Fig. 3 Fatigue specimen
dimensions (ASTM E606M,
2012) [12]
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Fig. 4 Top row, from left to right:
2 rings concentric, 3 rings
concentric, 0 ring isotropic.
Bottom row, from left to right: 1
ring isotropic, 2 rings isotropic,
and 3 rings isotropic

into the nylon matrix. The walls or outer borders of the part are
also made up of nylon. Therefore, in every layer, the walls are
printed first followed by the reinforcement layers, if necessary.
This process is concluded with nylon being printed as the final
layer. Each part produced using FRAM AM follows this pro-
cedure layer by layer.

2.2 Specimen/test model

The ASTM standard used for fatigue testing was E606M [12].
The dimensions of the specimen with are shown in Fig. 3. The
ASTM specimens were modeled in SolidWork 2016. All
specimens, carbon fiber, Kevlar, and fiberglass were printed
with MKF.

For nylon, the infill used in this study was rectilinear, be-
cause it shows maximum strength in uniaxial loadings accord-
ing to [13]. The infill density used is 75%. In the slicing
software, a series of controllable settings can be changed, that
would also change the specimens’ mechanical properties. Fill

pattern (triangular, rectilinear, and hexagonal), fill density, to-
tal fiber layers, fiber fill type, and concentric fiber rings are
just some of the controllable settings. Based on these param-
eters, there are different specimens with different numbers of
rings and different infill types. Based on the type of the fiber
reinforcement fill type, specimens can be grouped into two
categories. The two categories are concentric and isotropic
(not the mechanical properties, but a description of the way
fiber is laid down). In the isotropic infill type, rings can also be
added conferentially. Just until recently, MKF was the only
commercial printer that could print continuous fiber-
reinforced parts. Because of this, adding conferential fiber
rings and testing for fatigue analysis were firstly conducted
in this study.

The cross-section view of the generated different fill types
are shown respectively in Fig. 4. The yellow lines represent
the fiber reinforcement material, while the black portion rep-
resents the nylon. The abbreviation, number of rings and infill
type, and description are presented in Table 1.

Table 1 Abbreviations and

description of specimens Abbreviation

No. of rings and fiber fill type

Description

CF/FG/KV-2RC

CF/FG/KV-3RC

CF/FG/KV-0RI

CF/FG/KV-1RI

CF/FG/KV-2RI

CF/FG/KV-3RI

2 rings concentric
3 rings concentric
0 ring isotropic

1 ring isotropic

2 rings isotropic

3 rings isotropic

Two concentric rings of fiber in each fiber
layer on the nylon matrix

Three concentric rings of fiber in each fiber
layer on the nylon matrix

Isotropic fill with 0° angle direction in each
fiber layer on the nylon matrix

Isotropic fill surrounded by one concentric
ring on the outer border of the fiber fill

Isotropic fill surrounded by two concentric
rings on the outer border of the fiber fill

Isotropic fill surrounded by three concentric
rings on the outer border of the fiber fill
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For isotropic specimens, the chosen angle with respect to the
horizontal axis is 0°. According to [14], the angle 0° gives better
tensile properties. Since the fatigue testing was in a tensile-tensile
mode for all isotropic specimens, the fiber angle was set to 0°.
Future studies could be conducted with different angles.

2.3 Testing machine

The specimens were tested using a MTS 810 testing machine as
seen in Fig. 5a. This model is a closed loop servohydraulic ma-
chine. The testing variables, such as frequency, amplitude, and
average load, were all controlled and input through MTS’s
Multipurpose Testware interface. This machine has two gripping
heads. The lower head is actuated in order to load the specimen
while the upper head is used only for gripping purposes. The
gripping pressure applied to the larger portions of the test spec-
imens, Fig. 5b, was 4 MPa. This value was determined since
higher gripping pressure caused an immediate crack in the spec-
imens while lower gripping pressure caused the specimen to slip.

3 Results and discussion
3.1 Experimental results

The fatigue experiment for a specimen is concluded when it
breaks and is totally separated. The dependent variable is the

Specimen

number of cycles until total separation for the generated spec-
imens. In addition, since the goal of this study is to determine
if a correlation exists between geometric orientations and fiber
reinforcement material in relation to fatigue properties, some
of the specimens that did not break were truncated after
10,000 cycles.

Three specimens of each type presented in Table 1 were
produced in order to have a better statistical representation.
The type of load for the testing specimens was tensile-tensile
load, with a load ratio of 0.1. The Intermediate Value Property
Theorem (IVP) [15] was used to determine the magnitude of
the loads used for testing. First, high load of 17.4 kN and low
load of 3.33 kN were chosen. The logic behind this selection
was to eliminate the specimens that would fail immediately.
Further, if one specimen failed during the first cycle, meaning
that the load is excessive, the second and the third tests were
eliminated. Then, intermediate values were also selected and
testing was repeated. The testing magnitudes for the maxi-
mum loads were 17.4, 13.8, 10.3, and 3.33 kN. Tables 2, 3,
4, and 5 provide a comprehensive summary of all the speci-
men and load results. These specimens are arranged from the
lowest to the highest load. The results of testing at the first
load (3.33-0.333 kN) are presented in Table 2.

At this load, the specimens with concentric infill were tab-
ulated only. Isotropic infill specimens did not break at all at
this load. From the results, the three-ring concentric infill for
any of the materials gave a higher number of cycles. Then, the

Table 2 Results from the first

load (3.33-0.33 kN) Load (kN) Material Rings Type Test no. 1 Test no. 2 Test no. 3
3.33-0.33 Carbon fiber 2 Concentric 510 222 417
3.33-0.33 Carbon fiber 3 Concentric 10,000+ - -
3.33-0.33 Kevlar 2 Concentric 45 190 9
3.33-0.33 Kevlar 3 Concentric 383 72 181
3.33-0.33 Fiberglass 2 Concentric 168 132 137
3.33-0.33 Fiberglass 3 Concentric 644 561 644
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Table 3 Results from the second

load (10.3-1.03 kN) Load (kN) Material Rings Type Test no. 1 Test no. 2 Test no. 3
10.3-1.03 Fiberglass 0 Isotropic 750 1161 989
10.3-1.03 Fiberglass 1 Iso + Conc 699 996 744
10.3-1.03 Fiberglass 2 Iso + Conc 19 26 31
10.3-1.03 Fiberglass 3 Iso + Conc 1 - -
10.3-1.03 Carbon fiber 0 Isotropic 10,000+ - -
10.3-1.03 Carbon fiber 1 Iso+ Conc 10,000+ — -
10.3-1.03 Carbon fiber 2 Iso+ Conc 3753 3995 1747
10.3-1.03 Carbon fiber 3 Iso+ Conc 1 1
10.3-1.03 Kevlar 0 Isotropic 10,000+ - -
10.3-1.03 Kevlar 1 Iso + Conc 54 285 196
10.3-1.03 Kevlar 2 Iso+ Conc 1 - -
10.3-1.03 Kevlar 3 Iso+ Conc 1 - -
10.3-1.03 Carbon fiber 3 Concentric 1 - -
10.3-1.03 Fiberglass 3 Concentric 1 - -

three-ring isotropic specimens were then tested at the second
load. The second load (10.3—1.03 kN) results are shown in
Table 3; the concentric specimens with three rings, that
showed a higher number of cycles in the first load, failed in
the first cycle.

Except the three-ring concentric specimens failing in the
first cycles, in the second load too, the isotropic specimen with
three concentric rings for any material failed in the first cycle.
The Kevlar specimens with two-ring isotropic infill, contrary
to fiberglass and carbon fiber specimens, failed in the first
cycle. Kevlar and fiberglass isotropic with concentric one ring
failed within a range of cycles under 10,000 (the truncating
number of cycles). However, carbon fiber specimen did not
break in that range.

After truncating the specimens from the previous load, in
the 13.8-1.38 kN, the isotropic with concentric two-ring spec-
imens of carbon fiber and fiberglass failed in the first cycle.
Kevlar specimens with one-ring isotropic infill failed in the
first cycle, while isotropic with zero rings had just a small
number of cycles. The only specimens that had more than
10,000 cycles were the carbon fiber with zero rings. Results
are presented in Table 4.

For the highest load case, the 17.4-1.74 kN, testing all
other specimens failed in the first cycle other than carbon fiber
specimens with no rings. However, even in these specimens, a
cracking sound was heard in the first cycle. Results from the
final load are presented in Table 5.

3.2 Results of the data analysis

The analysis of the data was achieved by applying a full-
factorial ANOVA design. The dependent variable was the
number of cycles until failure, while the independent variables
were load, material, rings, and type of infill. Since the data
were counts, i.e., discrete, a log transformation of the depen-
dent variable was performed. Also, extreme counts led to a
right truncation because the MTS 810 stopped after 10,000 cy-
cles. Moreover, depending on the load, some specimens failed
in the first cycle, i.e., left truncated. Therefore, the full-
factorial ANOVA was reduced to a four-way ANOVA with
missing data. Because of the robustness of the ANOVA pro-
cedure, the removal of these truncated data had little effect on
the overall power of the test. In all the cases, the ANOVA
results were well within the boundaries for a classical

Table 4 Results from the third

load (13.8-1.38 kN) Load (kN) Material Rings Type Test no. 1 Test no. 2 Test no. 3

13.8-1.38 Fiberglass 0 Isotropic 5 66 20
13.8-1.38 Fiberglass 1 Iso + Conc 15 24 38
13.8-1.38 Fiberglass 2 Iso + Conc 1 - -
13.8-1.38 Carbon fiber 0 Isotropic 10,000+ - -
13.8-1.38 Carbon fiber 1 Iso + Conc 324 275 209
13.8-1.38 Carbon fiber 2 Iso + Conc 1 - -
13.8-1.38 Kevlar 0 Isotropic 3 7 6
13.8-1.38 Kevlar 1 Iso + Conc 1 - -

@ Springer



2722

Int J Adv Manuf Technol (2018) 98:2717-2724

Table 5 Results from the fourth

load (17.4-1.74 kN) Load (kN) Material Rings Type Test no. 1 Test no. 2 Test no. 3
17.4-1.74 Fiberglass 0 Isotropic 1 - -
17.4-1.74 Fiberglass 1 Iso + Conc 1 - -
17.4-1.74 Carbon fiber 0 Isotropic 19 4 12
17.4-1.74 Carbon fiber 1 Iso + Conc 1 - -
17.4-1.74 Carbon fiber 2 Iso + Conc 1 - -
17.4-1.74 Kevlar 0 Isotropic 1 - -

ANOVA, meaning the assumptions of normality and homo-
geneous variance were not violated. Although the results of
the original ANOVA experiment with no truncation could
have been used, the best model was the one with both left
and right truncations and that model is presented here. There
was one violation to the classical model which was resolved.
The independent variable rings and types of infill were found
to be overlapping, meaning the two variables were correlated.
The variable rings were found to be more influential. Hence,
type of infill was not included in the analysis. Results from the
ANOVA studies are presented in Table 6. It can be seen that
load, material, and rings all have a significant value in the
number of cycles while the interaction of load and material
is slightly significant.

To make this more understandable, a group of graphs
depicting the boxplots for the number of cycles for each treat-
ment level in each dependent variable is provided. The box
plot graph of number of log cycles versus three types of loads,
starting from load 2 (10.3—1.03 kN), load 3 (13.8-1.38 kN),
and load 4 (17.4—-1.74 kN) is shown in Fig. 6.

From this figure, it can be seen that regardless of material at
different loads, from all data, a “S-N”-like curve is generated.
The thick line represents the median; in each case, the median
is higher than the number of maximum cycles in the other
load, from right to left. This explains the importance of the
load in the variance of the number of cycles. Next, the number
of cycles versus the number of rings is presented in Fig. 7.

For the three and one numbers of rings specimens, it can be
understood that the median of the cycles has more cycles than
the most of two and zero numbers of rings. However, while
testing at higher loads, it was seen that the isotropic with
concentric three rings would fail early, but at the first load
(3.33-0.33 kN) in concentric infill type, three rings were

Table 6 Results from analysis of variance

Df SumSq MeanSq Fvalue p value
Load 3 46.542 15.5141 31.894 3.58E-09
Material 2 33.521 16.7607 344567  2.82E-08
Rings 3 27.645 9.2149 18.944 6.57E-07
Load x material 2 4331 2.1653 44514 0.02096
Residuals 28 13.62 0.4864

@ Springer

giving a higher number of cycles. So, that high number of
cycles is for concentric infill types.

Finally, for completeness, more fiberglass specimens with
an isotropic infill and zero rings were tested at the following
loads, 3338-334 N, 2888-289 N, and 2550-255 N. Even
though more data is necessary for a full model, a preliminary
S-N curve could be fitted here. The fiberglass zero isotropic S-
N curve is shown in Fig. 8. Non-linear regression was applied
to the given data with a formula:

load = 3547 x exp(0.0004 x cycles) (1)

3.3 Discussion

Specimens of nylon reinforced with carbon fiber, fiberglass, or
Kevlar were printed with different infill types. These specimens
were tested at four different loads with a load ratio (R) of 0.1.

In the first type of infill, three-ring specimens performed
better than the two-ring specimens. This could be due the
different fiber volumetric fractions: more fiber means stronger
parts. For the same reason, concentric infill specimens failed
in the other loads.

Hence, it can be concluded that for low loads, such as the
3.33-0.33 kN, concentric type infill works well. Additionally,
to make a part more resistant to failure due to fatigue, the
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Fig. 6 Number of cycles versus varying fiber reinforcement material
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Fig. 7 Number of cycles versus number of rings

number of rings can be increased up to the geometric limit for
concentric infill. The ANOVA results supported this claim,
where in Fig. 6, the number of cycles with three concentric
rings stands higher than the others.

In the isotropic infill type with rings or no ring, generally
the fiber volumetric fraction is the same (difference less than
0.1 cm3), thus, meaning that the fiber orientation and number
of rings have a significant effect. This is showed by the exper-
imental and statistical results. At all the remaining three loads,
with isotropic infill, increasing the number of rings proved to
decrease the number of cycles to failure. Also, the type of
material is very important as the fibers seem to carry the ma-
jority of the load. From ANOVA too, it results that the material
has a significant importance in the number of cycles.
Generally, as seen from Tables 3, 4, and 5, carbon fiber

Estimate of S-N curve with 95% confidence bands

3500

Load

3000

2500

T T T T - T T
0 200 400 600 800 1000
Number of cycles

Fig. 8 S-N curve for fiberglass with 0 rings isotropic fill

Fig. 9 From top to bottom, isotropic specimens with 0, 1, 2, and 3 rings,
respectively

specimens perform better than fiberglass and Kevlar speci-
mens, with Kevlar being the weakest.

The fiber orientation becomes very important in the narrow
area of the specimen. Since the cross-sectional area is smaller,
the stress is larger in that region. Thus, it is important to ana-
lyze the fiber orientation in the cross-sectional area. The hor-
izontal cross-sectional view of the isotropic specimens with a
different number of rings is shown in Fig. 9.

It can be seen in the narrower region: when more rings are
added, the horizontal isotropic fiber area decreases. The more
the isotropic fiber area decreases, the lower the failure
resistance.

Generally, the failure mode for all the specimens was fiber
pullout. The amount of fiber pullout differed with various
loads. Before breaking, fiberglass and Kevlar with nylon spec-
imens would deflect more than carbon fiber with nylon. Failed
specimens of different materials at 10.34—1.03 kN are shown

in Fig. 10.
“«
v ! ’ ,
Fiberglass filled two rings

with two rings Carbon Fiber |
filled with two

W g

Kevlar filled with 1

Fig. 10 Fiberglass, carbon fiber, and Kevlar broken specimens at the
same load
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4 Conclusion

The experiments showed that there is a correlation between
filler material type and the pattern the reinforcing material is
extruded. Among the materials tested carbon fiber was shown
to have better fatigue resistance than the other reinforcing
materials. For concentric infill, adding more rings improves
the fatigue life of the specimen. While for isotropic infill,
increasing the number of rings weakens the fatigue perfor-
mance. In addition, this study revealed that the isotropic with
zero rings and one ring isotropic with concentric infill types
showed better results. Furthermore, the experimental results
are supported by ANOVA. Number of cycles is strongly de-
pendent from the load, number of rings, and materials. Also,
all data, fit an S-N curve. The load and material interaction
effect are also significant. Hence, varying any of these param-
eters significantly changes the properties of a part. Finally, the
novelty about this study is that it showed that parts can per-
form better if conferential rings are added, besides the con-
ventional method of changing the angle of fibers only.
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