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An experimental study was conducted to study the effects of geomet-
ric size and surface treatment on the fatigue life of fused filament
fabrication (FFF) manufactured acrylonitrile butadiene styrene
(ABS) parts. Moore rotating-beam fatigue tests were conducted
with four different levels of loadings to obtain the S—N curves.
Two different sizes (control size and large size) and three different
surface treatment methods (as-printed, acetone-treated, and
sandpaper polished) were studied. The larger specimens had
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significantly decreased fatigue life because of a larger volume,
and hence a greater probability of defects for crack initiation and
propagation, as compared with the control specimen. The
acetone-treated specimen had a smooth surface. Its fatigue life,
however, decreased significantly because the acetone treatment
caused internal damage that weakened the specimen and was
reported for the first time. The sandpaper polished specimen also
had a smooth surface, but its effect on the fatigue life was insignif-
icant because the extruded filament direction on the specimen
surface was parallel to the loading direction. The present results
lead to a better understanding of the effects of geometric size and
surface treatment on the fatigue performance of FFF specimens.
The study also provides important insights for the design of part
size and surface treatment of three-dimensional (3D) printed
plastic components for fatigue loading end-use applications.
[DOL: 10.1115/1.4050178]
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1 Introduction

Various additive manufacturing (AM) processes have been used
to make quick and sufficiently accurate prototypes for design vali-
dation. Fused filament fabrication (FFF), a material extrusion addi-
tive process, is one of the most common methods of additive
manufacturing due to its affordability, production speed, and versa-
tility. The ability to create complex three-dimensional (3D) geome-
try with a single setup and minimal human interaction has caused a
shift in its use from rapid prototyping to rapid manufacturing [1].
Making end-use components with FFF means that the mechanical
performance of the manufactured thermoplastics parts must be
understood. A significant portion of AM parts for end-use is cur-
rently in metals, but additive manufacturing of polymeric materials
is becoming more prevalent throughout the industry [1]. There is
mature knowledge of the static properties of FFF manufactured
thermoplastics [2], but little exists on their fatigue behavior.
Hence, experimentation of thermoplastic AM parts to better under-
stand their fatigue performance is warranted.

Failure caused by cyclic loading below yielding is a fatigue phe-
nomenon, and this can occur in metals and polymers by crack ini-
tiation and propagation [1]. If components are manufactured for
cyclic loading end-use, their fatigue life should be considered
during the design process.

The effect of geometric size is a critical concern for end-use com-
ponents. The size factor is well-studied both experimentally and
analytically for other materials such as metals, alloys, and concrete
[3-10]. However, a study of size factors on the fatigue life of 3D
printed plastics has not been reported, as listed in Table 1. A
general conclusion is that larger parts consist of more material
and are more susceptible to defects and failure than smaller parts.
The larger number of defects can provide more sites for crack initi-
ation and propagation, and thus result in a shorter fatigue life. On
the contrary, the size effect for alloys is more material sensitive,
so the size effect could be insignificant or significant depending
on the alloying materials [5,9]. Hence, the size effect on the
fatigue life of 3D printed plastics drew the authors’attention.

Surface treatment is also important to improve the performance
of end-use components. Some researchers studied the improvement
of the surface appearance of FFF specimens with chemical treat-
ment like acetone and found that acetone could cause re-flow of
acrylonitrile butadiene styrene (ABS) materials resulting in the for-
mation of a thin smooth layer on the specimen surface [11-15], as
listed in Table 1. Neff et al. [11] found that the effect of acetone
treatment was not significant on the ultimate tensile strength
(UTS), but some sharp defects could be observed on the treated
surface, which could give rise to stress concentration. Gao et al.
[12] found that the acetone treatment could also decease the ulti-
mate tensile strength slightly. Mu et al. [13] found that the tensile
strength decreased as the acetone treatment time increased and the
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Table 1 Comparison of different works of fatigue

Studied surface
treatment effect on

Studied printing
orientation effect on

Studied printing
orientation effect on

Studied size
effect on fatigue

Studied surface
treatment effect on

Material tensile strength tensile strength fatigue life fatigue life life Reference
ABS Yes Yes No No No [11]
[12]
[13]
ABS No No No No No [14]
Ultem No No Yes Yes No [15]
9085
CFRP Yes No No No No [16]
ABS/TPU [17]
[18]
ABS Yes No Yes No No [19]
PLA [23]
[25]
[28]
[29]
ABS No No Yes No No [20]
[22]
PLA Yes No No No No [21]
ABS [24]
[26]
[27]
ABS No No No Yes Yes This work

weight of the specimen increased as the acetone treatment time
increased. Singh et al. [14] did some parametric studies to optimize
the surface vapor smoothing process. Fischer and Schoppner [15]
found that the effect of chloroform treatment on the tension—
tension fatigue life of Ultem 9085 was not significant. However,
there is no result reported regarding the effect of acetone treatment
for cyclic tension—compression loading as in the rotating-beam
fatigue testing. Besides, the previous focus was on the improvement
of the surface but what happened to the chemical-penetrated cross
section was not investigated nor did the possible effect on the
fatigue life. Moreover, mechanical treatment methods such as sand-
paper polishing can also improve the surface finish, but there is a lack
of published results on the effect of mechanically polished surface
finish on the fatigue life of FFF specimens.

For end-use components, printing parameters are also critical but
are well-studied by researchers. The effects of printing orientation
and raster orientation on the fatigue life of AM parts have been well-
studied by researchers, as listed in Table 1. A 45 deg flat printing
orientation was found to be able to give the best fatigue strength
and tensile strength with different plastics and specimen geometries
such as (1) ABS flat dog bones [16-19,23,25,26,28,29], (2) ABS
cuboids with a notch [22,24], (3) ABS cylindrical specimens [20],
(4) PLA flat dog bones [21], and (5) polycarbonate rectangle speci-
mens [27]. However, most of the aforementioned research focused
on the parametric study of printing processes.

The objective of this research is to investigate the effects of geomet-
ric size and surface treatment on the fatigue life of ABS specimens
manufactured by FFF. In the present work, the specimens prepared
by FFF were characterized based on fully reversed stress ratio (R=
—1) for the first time. This stress ratio is similar to that of a rotating
shaft application. The S—N diagrams were plotted, and the fracto-
graphic images of the failed cross section were analyzed. The results
and discussions also provided insights into the design of the geome-
try/size and surface treatment of 3D printed plastic components for
fatigue loading end-use applications.

2 Experimental Methods

2.1 Printing Setup. A LulzBot TAZ 6 desktop 3D printer with
a 0.5 mm diameter extrusion nozzle was used for this study. The
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3 mm diameter commercial black ABS filament (Chromastrand
Labs, CO) was selected as base feedstock material for printing.
From tensile tests of flat dog bone specimens printed with this
ABS, the UTS of this ABS was 40 MPa. The pre-set high-detail
mode with ABS printing settings was used to define the printing tem-
peratures for the nozzle and heat plate during the printing process. A
0.3 mm layer height was used based on the recommendation of the
printer which was also beneficial to reduce the printing time. The
printing orientation was 0 deg (the angle between the longitude
direction of the specimen and the X-axis defined by ISO/ASTM
52921:2013(E)) with a zig-zag 100% infill density to achieve
+45 deg raster lines. This printing orientation was selected, as it
was reported to give the highest fatigue strength [16-29]. Support
structures were generated and used to help increase the printing
quality. During the printing process, the printer was insulated by
an enclosure made with acrylic board and aluminum foil to obtain
a better printing quality. The building direction is indicated in
Fig. 1. After the printing, support structures were removed from all
the specimens without damaging the specimen surfaces.

2.2 Specimen Sizes. Two different sizes of cylindrical dog-
bone-shaped specimens were printed and used for the fatigue test
to investigate the effect of geometric size. As shown in Fig. 1, the
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Fig. 1 Dimensions (in mm) of specimens: (a) large specimen
and (b) control specimen

Transactions of the ASME

1202 ABIN 10 U0 Wopewe|onny Maule ‘ASIoAuN N B v sexa] AQ Jpd'Z0Gr80 8 €L NUBW/¥SHZ/99/20S780/8/E | APd-ajoiHE/e0uBI0SBULINIoBINUELL/BI0"BWSE"UON8||00|eNBIPaWSE//:dNY WO} papEojumMod



total lengths of the two specimens were the same, at 135.1 mm, and
the neck lengths were both at 25.4 mm. The neck diameters are dif-
ferent. An 8.1*32mm neck diameter was used as the baseline/
control size. Instead of an ISO standard size, an 11.4f8:(2) mm neck
diameter was used for the large size specimen to accommodate
the fixture on the rotating-beam fatigue testing machine. As a
result, the cross-sectional area ratio of the large specimen to the
control specimen was approximately 2. The diameters at both
ends were 12.7 mm for the control specimen and 16.0 mm for the
large size specimen, respectively. For both specimens, an arc with
a 62 mm radius connected the neck section to the two ends.

2.3 Surface Treatments. To study the effect of surface treat-
ment on the fatigue life of FFF manufactured parts, the as-printed
surface with control size was used as the baseline. Within the same
control size, acetone-treated surfaces and sandpaper polished surfaces
were obtained and tested to investigate the effect of surface treatment.

For acetone treatment, a large piece of aluminum foil was placed
into a large stainless-steel container to cover the bottom and side
surfaces. Then, three pieces of the paper towel were placed on the
foil to overlap the same area and 50 ml acetone was sprayed
evenly on the paper towel. After that, flat supports made with alu-
minum foils were placed in the container and printed specimens
were placed horizontally on the supports. Hence, specimens were
elevated within an acetone vapor environment. Another piece of
foil was placed in the container as an inner cover, and the container
was closed with a stainless-steel lid. The specimens were treated at
room temperature with no external heating, and three specimens
were treated at each time. After 3 h, the specimens were taken out
from the container and were left out for resting naturally in the air
at room temperature. The specimens were available for testing
after 24 h. For sandpaper polishing, the specimens were mounted
on a spindle (with both end supported) rotating at 2000 rpm. A
piece of 200-grid sandpaper was used to polish the surface of the
neck section of the rotating specimen for 2 min. Then, the process
was repeated with a 340-grid sandpaper for 1 min to complete the
polishing process. The reduction in the neck diameter after treat-
ment was measured. The tolerance was controlled within the
range between 0.2 mm and 0.25 mm. Hence, the diameter of the

neck of the sandpaper polished sample was 8.1739% mm.

¢ As Printed

& Sandpaper Polished

Fig.2 Different treated surfaces from top to bottom: as-printed,
sandpaper polished, and acetone treated

Figures 2 and 3 show the different treated surfaces with different
magnifications. The extruded cylindrical filament can be observed
on the as-printed surface. On the surface of the sandpaper polished
specimen, the outline of the cylindrical extruded filament can still be
observed, but the waviness of the surface was reduced compared
with that of the as-printed specimen. Among the three different sur-
faces, the acetone-treated one looks smooth and reflective and
differs dramatically from the other two. Roughness was not mea-
sured because extruded filaments and grooves were dominant in
the longitudinal direction and characterizing the circumference
with waviness did not serve a useful purpose.

2.4 Rotating-Beam Fatigue Test. A custom Moore-type
rotating-beam fatigue test machine was used to conduct the fatigue
tests. As shown in Fig. 4, the specimen was held between the two
rigid collets. The collet was connected to a rigid mount with
bearing supports, so the collets could rotate freely on the mount
and pivot about the mounting shaft. Weights were hung below
both collets to provide the designated loading. One of the collets
was connected to a motor by a flexible coupling. During testing,
the motor was set to rotate at 2000 rpm. A rotating shaft counter
was attached to one of the shafts to record the number of revolutions.
When a specimen failed, one of the collets pivoting down would
contact a sensor to stop the counter and switch off the motor.

To obtain the S—N curves and study the fatigue characteristics of
various specimens, different loading conditions resulting in differ-
ent loading stresses were needed. Based on the dimensions of the
specimens and the testing apparatus, the four-point bending
model was used to calculate the stresses. According to the discrete
weights available for loading, the stresses were set at 40, 50, 62, and
72 MPa. Within each loading stress, the test was repeated three
times to ensure the repeatability.

3 Results

3.1 The Effect of Size on Fatigue Life. Figure 5 shows the
S—N diagram of the size effect. It is shown that the fatigue life
decreases with increased specimen size, and the difference is signifi-
cant at about one order of magnitude. The reason for the reduced
fatigue life due to the size effect is known for other materials such
as metals, alloys, and concrete [3—10]. Larger specimen size can
contain more defects for crack initiation and propagation during
the fatigue test. In practical applications, a size factor can be estab-
lished to quantitatively predict the decrease in fatigue life for larger
specimens. According to the results, the stress that the control speci-
men can take at a 10,000 fatigue-life-cycle is about 78 MPa, while
that of the large specimen at the same loading cycles is only about
39 MPa, which indicates an approximately 50% fatigue strength.
Based on the literatures on endurance limit and with the control
size as the reference, the size factor forspecimen with larger cross
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Fig. 3 Different treated surfaces with higher magnification: (a) as-printed, (b) sandpaper polished, and (c) acetone treated
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Fig. 4 The custom Moore-type rotating-beam fatigue test
machine used for fatigue life characterization
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Fig. 5 S-N diagram of the size effect

section is 0.96 (96%) for metal specimens [3—10]. This study demon-
strates a significantly lower fatigue strength of 50% for the FFF AM
parts. A more detailed discussion on the size effect based on the
observed fracture surfaces is presented in Sec. 4.1.

3.2 The Effect of Surface Treatment on Fatigue Life. For
specimens with smooth surface, such as those from acetone and
sandpaper treatments, the fatigue life, in theory, should increase
with better surface finish. This is because finer surface finish can
reduce stress concentration for crack initiation and propagation
from the surface. Figure 6 shows the S—N diagram of the surface
treatment effect. It can be observed that with sandpaper polishing,
the fatigue life remains approximately the same as the control speci-
men. On the other hand, the fatigue life of the acetone-treated speci-
men, with excellent surface finish, is significantly reduced by about
one order of magnitude. Neff et al. [11] conducted tensile tests of
flat dog bone acetone-treated specimens and reported that the
tensile strength was slightly reduced due to changes in the size
and shape of the pores. In the present work, a more drastic
change of the internal structure of the specimens is observed.
Based on fractographic images, a detailed discussion of the effect
of surface treatment on fatigue life is presented in Sec. 4.2.

084502-4 / Vol. 143, AUGUST 2021
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Fig. 6 S-N diagram of the surface treatment effect

As can be observed from the error bars, Figs. 5 and 6 show good
repeatability of the conducted experiments. It is known that the
quantitative fatigue life depends heavily on the specifics of the spe-
cimens, such as surface finish, stress type, geometric size, and other
factors. The present study suggests that the surface and size effects
should not be overlooked as their quantitative values are quite dif-
ferent from those presented in previous studies.

4 Discussion

4.1 The Effect of Size on Fatigue Failure. Figure 7 shows the
fracture surfaces of the control specimens at different
loading stresses. On all the fracture surfaces, a white region can
be observed. The white region is the instantaneous fracture zone
(indicated by the white rectangle frame), indicating the loading
stress is greater than the UTS at fracture. The whitening of the
region could be crazing and due to the alignment of ABS molecules
in tensile loading [30]. It is noted that as the loading stress increases,
the stress reaches the UTS faster after crack initiation and propaga-
tion, which results in an increased area of the white region. On the
opposite side of the white region, fatigue striation markings (indi-
cated by the white solid arrows) are clearly observed in Figs.
7(a)-7(c). These markings are due to crack growth and arrest. As
the specimen is subjected to repeated, reversed bending stress, it
can be identified that the origin of the fatigue crack is at the edge,
on the concave side of the markings. As shown in the figures, the
spacing of the markings is progressively wider toward the direction
of crack propagation. The wider spacing reflects the increased stress
at reduced cross-sectional area during the test. Also observed from
the figures is that while the loading stress increases, the area with
fatigue striation decreases because of higher crack propagation
speed. When the loading stress is as high as 72 MPa, as shown in
Fig. 7(d), no striation mark is visible because the cracks propagate
rapidly, which results in a short fatigue life that coincides with the
fatigue testing results. In addition to the striation markings, ratchet
marks in the form of loose extruded filaments (indicated by the
white dashed arrows) are present around the circumference. This
indicates the intersection and connection of fatigue fractures propa-
gating from multiple origins at the initial stage of fatigue testing [30].

The fracture surfaces of large size specimens are shown in Fig. 8.
Similar to that of the control specimens, cracks also initiate at some
points on the circumference and quickly propagate through the
cross section. An apparent difference is that, at the same loading
stress, the fraction of the white region of the large size specimens
is greater than that of the control specimens. In the white region,
a large number of pores can be observed, which are more than
those in the control specimens. The large number of defects
within the large specimens may cause increased stress concentration
sites and accelerate crack propagation. Besides, no fatigue striation
marking is observed for large specimens, a sign of short fatigue life,
even at the lowest loading stress of 40 MPa.

4.2 The Effect of Surface Treatment on Fatigue Failure.
Figure 9 shows the cross-section surfaces of (Fig. 9(a)) as-printed
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(c) 62 MPa,

Fig. 7 Fracture surfaces of control specimens at (a) 40 MPa, (b) 50 MPa,

and (d) 72 MPa loading stress

(b) 50 MPa, (c)

Fig. 8 Fracture surfaces of large size specimens at (a) 40 MPa,

62 MPa,

and (d) 72 MPa loading stress
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Fig. 9 Cross section surface of specimens before fatigue testing: (a) as-printed specimen, (b) acetone-treated specimen, and

(c) sandpaper polished specimen

specimen, (Fig. 9(b)) acetone-treated specimen, and (Fig. 9(c))
sandpaper polished specimen before fatigue testing. The scratches
on each cross section are the machine marks caused by the section-
ing process. The cross section of the acetone-treated specimen looks
drastically different from that of the control specimen. The circum-
ference is very smooth with no sign of extruded filaments. It appears
that the ABS material can flow and rearrange its form due to surface
tension. Another interesting observation is that there are some large

pores (indicated by dashed white arrows) formed in an annual ring
just inside of the circumference. It is known that ABS does not react
chemically with acetone. The weight of a specimen increases imme-
diately after treatment, but gradually decreases to its initial weight
[11]. Mu et al. [13] found that the initial weight increase corre-
sponds to the treatment time, and acetone treatment has a more
severe effect on the geometry, weight, and UTS of the specimen
than pure ethyl acetate treatment. Thus, the large pores could be a

Fig. 10 Fracture surfaces of acetone-treated specimens at (a) 40 MPa, (b) 50 MPa, (c) 62 MPa,
and (d) 72 MPa loading stress

084502-6 / Vol. 143, AUGUST 2021
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Fig. 11
and (d) 72 MPa loading stress

result of fusion of preexisting small pores in the cross section and
the re-flow of ABS could also turn open pores into closed pores
during the treatment. From Fig. 10(c), it can be observed that the
sandpaper polished specimen has a cross section similar to that of
the control specimen, except that the ridges and grooves at the cir-
cumference (indicated by solid white arrows) are partially removed
due to polishing.

As described in Sec. 3.2 and contrary to the previously known
surface treatment effect on fatigue life, the acetone-treated specimen
with fine surface finish fared much worse than the control specimen
in the fatigue testing. Fischer and Schoppner [15] found the effect of
chloroform treatment on the tension—tension fatigue life of Ultem
9085 was not significant. The difference between their results and
the results of this study could be due to the difference in specimen
geometry and loading condition. Besides, the difference in printed
materials and surface treatment chemicals can also lead to differ-
ence in the results. Figure 10 shows the fracture surfaces of acetone-
treated specimens at different loading stresses. A shell-like annual
ring in the outer region can be observed. The rings correspond to
that of the specimen shown in Fig. 9(b). The rings/shells in all speci-
mens have the same thickness and contain large pores, which indi-
cate that the porous shells are created by acetone penetration. In the
core region of the cross section, the fracture surface is similar to that
of the control specimens. The area of the white region increases as
the loading stress increases. However, there is no fatigue striation
marking observed. From the test data, it can be noted that the
improvement of surface finish after acetone treatment is not
enough to compensate for the internal damage that is also associated
with the same treatment. It appears the weak shells change the

Journal of Manufacturing Science and Engineering

Fracture surfaces of sandpaper treated specimens at (a) 40 MPa, (b) 50 MPa, (c) 62 MPa,

uniformity of the ABS specimen and fracture first during fatigue
testing. The damage reduces the effective diameter of the cross
section and significantly increases the loading stress at the core.
The condition leads to rapid crack initiation and propagation, an
indication of short fatigue life that agrees with the fatigue testing
results. In Ref. [15], it is not clear whether the same shell structures
appear at the cross section of the treated flat dog bone specimen and
the shell structures could have a more significant effect on the
fatigue life of the specimen with a bending loading condition than
that of a tensile—tensile loading condition.

Figure 11 shows the fracture surfaces of sandpaper polished spe-
cimens with different loading stresses. Compared with Fig. 7, there
is no significant difference between the sandpaper polished speci-
men and the control specimen at the same loading stress. As
loading stress increases, the changes in the corresponding white
region and striation region are almost the same. The observations
agree with the fatigue test results, where the fatigue life of the

Lt I -
direction direction

—_—

Longitude direction of specimen Extruded filaments on the specimen surface

Fig. 12 Schematics of extruded filament direction on the speci-
men surface and loading direction
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printed specimens is not affected by sandpaper treatment. The
reason could lie in the relationship between the extruded filament
direction and the loading direction, as shown in Fig. 12. During
3D printing, although the infill of the specimen is filled by crisscross
rasters layer-by-layer, the perimeter of the layer is printed separately
as a continuous contour. As a result, the outer surface consists of
extruded filaments align with the longitudinal direction of the speci-
men. In the rotating-beam four-point bending test, the direction of
tension—compression stress is also in the longitudinal direction.
For sandpaper treatment, since the surface change is mostly in the
circumferential direction, the fatigue life remains almost unchanged
after surface refinement with sandpaper polishing.

5 Conclusions

While there is a large knowledge base in fatigue of the metallic
part made from traditional processes, fatigue of the polymer-based
AM part has not been well investigated. In this research, the effects
of geometric size and surface treatment on the fatigue life of ABS
specimens manufactured by FFF were studied. The experiments
were conducted with specimens obtained from the desktop FFF
printer. While the printer used in this study is not an industrial-
grade printer, the fatigue life (hundreds of thousands cycles) of
the printed parts is acceptable for end-use when the loading
stress is low. The investigation on the effects of geometric size
of the part and surface treatment provides a qualitative insight
that is applicable to the application of better quality parts printed
from industrial-grade printers. For the effect of geometric size, a
larger size is found to decrease the fatigue life significantly,
because a larger size specimen has more material volume, and
hence greater probability for more defects, leading to more stress
concentration and crack initiation sites (similar to the fatigue beha-
vior of parts made from other manufacturing processes). For the
tested specimen sizes, the large size would result in a 96%
fatigue strength when compared with the control size for typically
metal specimens. In contrast, the fatigue strength of the large size
is only 50% of the control size for FFF specimens in this study.
While the fatigue limit is not investigated in the present work, it
is clear that a new correction factor is required to account for
the effect of part size on the fatigue performance. For the effect
of surface treatment, the treatment that results in a smooth
surface finish cannot always ensure an increase in fatigue life.
Acetone treatment decreases the fatigue life significantly because
it creates a weak shell structure with high porosity just below
the smooth surface. This observation answered the question of
why a better surface finish can lead to a worse fatigue perfor-
mance. In the present study, sandpaper polishing does not affect
the fatigue life much because the extruded filament direction on
the specimen surface is aligned with the bending stress direction.
It can be concluded that, in this case, filament/printing direction
on the outer surface is a more dominant factor than surface mod-
ification for fatigue performance. The results from the current
study suggest that further investigation in fatigue life prediction
is required for designers to adopt FFF for fatigue loading
end-use applications.
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