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Abstract

Material extrusion (MEX) is a popular additive manufacturing (AM) method that can process a
wide range of feedstock materials, most commonly in filament form. Currently, there is no
standardized testing method for filament tensile properties, and researchers resort to 3D-printed
dog-bone specimens, which necessarily include the effects of the printing process. In this study,
the impact of the strain measurement device, knife-edge type, gage length, testing speed, and oven
treatment on filament tensile properties was explored using an off-the-shelf fixture. It was
observed that an extensometer with blunt knife edges, a filament gage length of 165 mm, and a
6.35 mm/min (0.25 in./min) testing speed could accurately evaluate the tensile properties of
acrylonitrile butadiene styrene (ABS) filaments. In addition, an optimized raster path, 3D printing
design, and process parameters were used to manufacture dog bone tensile specimens according
to ASTM D638-22 from the same ABS filament spool. The tensile properties of the filaments were
validated using the results of 3D-printed dog-bone specimens. Young’s modulus, stress at yield,
and stress at break for the optimum filament test set (2.20 GPa, 43.9 MPa, and 39.1 MPa) were
very similar to those of the 3D-printed specimens (2.26 GPa, 44.9 MPa, and 37.3 MPa). The
optimum filament tensile testing parameters determined in this study for ABS can be used for the
initial test setup for other filament materials to provide baseline values that can serve as the
foundation for AM process development.
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1. Introduction

Additive manufacturing (AM), also known as 3D printing, shortens the design cycle by
enabling rapid prototyping, increases design flexibility, and reduces material waste and lead time.
The polymer material extrusion (MEX) process, also known as fused filament fabrication (FFF),
is a simple and popular AM technique that can be applied to a wide range of feedstock materials.
Many researchers have been working to understand the effects of MEX process parameters on the
final mechanical properties of 3D-printed parts. However, an essential element of this work is
missing: the reliable measurement of the properties of the material coming into the process to use
as a baseline for assessing the effect of different process parameters. Furthermore, researchers have
been developing new filament materials for the MEX process; however, reliable techniques to
evaluate their mechanical properties are lacking.

Although a filament is a convenient form for the measurement of mechanical properties,
there is currently no standardized testing technique for evaluating the tensile properties of
filaments. Therefore, researchers and material suppliers have resorted to measuring the properties
of 3D-printed tensile specimens, for example, dog-bone coupons per ASTM D638 or ISO 527, as
an indication of filament material properties. Because the 3D-printing process and design
parameters can significantly affect the mechanical properties, the specimens do not provide a
reliable and robust means for assessing the filament material properties. Although 3D-printed
tensile specimens have been extensively explored in the literature, the authors found only 23
research papers investigating the tensile properties of filaments, which are summarized in this
section.

In the absence of a standardized filament tensile testing technique, researchers have
explored several methods to evaluate the tensile properties of filaments. They can be categorized
into three main groups based on the type of testing fixture: (1) use of testing machine grips, no
fixture; (2) use of tabs; and (3) use of custom fixtures. Table 1 lists the studies that included
filament tensile testing based on these three groups [1-23]. Because the focus of this study was on
the testing procedure, information regarding the testing machine, load cell, strain measurement
device, gage length, testing speed, filament diameter, and filament material is provided.
Furthermore, some studies included the tensile testing of 3D-printed specimens and compared their
tensile properties with the filament values.



Table 1. A detailed summary of filament tensile testing.

Testing | # Testing Load cell | Strain Gage Testing | Filament | Filament 3D- Specimen Raster
fixture machine (kN) measurement | length speed diameter | material printed type angle (°)
device (mm) (mm/min) | (mm)® specimen
testing
[1] | Zwick z001 1 No 50 10 1.75 PLA!, PP?, No Not Not
PP- Glass- applicable applicable
[2] | Zwick Z001 1 No 50 10 1.75 PP, PP- Glass | Yes Shortened*® 90
[3] Instron 5 Extensometer | 50 1 2.4-2.55 PP, PP- Yes ASTM D638 Concentric
33R4204 2.6-3.1 hemp/flax Type V 0
[4] | Zwick Z001 1 Not provided 50 10 1.75 PP, PP- No Not Not
cellulose applicable applicable
[5] | Zwick Not High-speed Not 5 1.75 PLA/PHAS3- Yes I1SO 527-1/2% | 45
provided | camera provided wood
[6] | Zwick 10 High-speed Not 5 1.75 PLA Yes I1SO 527-1/26 | +45
camera provided
[71 | Zwick Not Not provided 60 1 1.75 PLA Yes ASTM D638 0/90
Grips Z100 provided PLA- G-CNF* Type IV +45/-45
[8] | TTM-01 25 Not provided 50 5 1.75 PLA, No Not Not
Bioparticle- applicable applicable
PLA
[9] | Zwick Z020 20 Extensometer | 50 5 2.85 HDPE®- Glass | Yes ASTM D638 +45
microbaloons dog-bone?’
[10] | Autograph 5 Not provided 50 5 1.75 PA125 LAY- | Yes ASTM D3039 | Hexagonal,
AGS-X FOMM 60 straight-sided®® | linear
[11] | Zwick 10 High-speed Not 5 1.75 copolyester Yes I1SO 527-1/2% | +45
camera provided
[12] | MTS 30 Not provided Not 10 1.75 PA No Not Not
provided applicable applicable
[13] | Imada MX2 Not Not provided Not 10 1.75 PC’, PC-TiC® | Yes ASSTM D638 | +45
provided provided Type V
Grips [14] | LY-1066A Not _ Not provided 100 100 1.75 PLA virgin No Not _ Not _
with a provided and recycled applicable applicable
cloth [15] | Instron 5567 Not Not provided 50 Not 1.75 PA12, PA12- | Yes ASTM D638 +45
provided provided Mg® dog-bone*’
Grips [16] | MTS Criterion | Not Not provided Not 0.06 2.85 PC Yes!! ASTM D1708 |0
with 40 provided provided (1/min)
tabs [17] | Instron 4468 5 No Not Not 0.7-0.98 | ABS™, ABS- | Yes Straight- 0,+45,90
provided provided HX8000 sided!®16




[18] | Instron 5969 Not Not provided Not 0.01 1.75 PA6-CF! No Not Not
provided provided (1/min) applicable applicable
[19] | Santam SMT- | 1 Not provided 60 1 1.75 PLA No Not Not
5 applicable applicable
[20] | Testresources | 10 Not provided Not 5 1.75 PLA, PLA- Yes ASTM D638 0
312Q provided GF¥? Type |
[21] | Instron 4507 100 Not provided Not 5 1.75 PETG, Yes 1SO 527 +45
provided PETG-CF
Custom | [22] | UTSSTM-50 | 2.22 Extensometer Not 5 1.75 ABS No Not Not
fixture provided applicable applicable
[23] | Shimadzu 1 No 200 5 1.75 PEI, PEI- Yes ASTM D638 0, 45
AGS-X 50kN CNT Type IV
ASTM 0
D3039'6

1. PolyLactic Acid (PLA), 2. Polypropylene (PP), 3. Poly Hydroxy Alkanoate (PHA), 4. Graphene-Carbon Nano Fiber (G-CNF), 5. High-Density Polyethylene
(HDPE), 6. Polyamide 12 (PA12), 7. Polycarbonate (PC), 8. Titanium Carbide (TC), 9. Magnesium (Mg), 10. Acrylonitrile Butadiene Styrene (ABS), 11. Carbon
Fiber (CF), 12. Glass Fiber (GF), 13. Poly Ethylene Terephthalate Glycol (PETG), 14. Poly Ether Imide (PEI) ULTEM1010-Carbon Nano Tubes (CNT), 15. No
information regarding the testing standard for 3D-printed tensile specimen, 16. The specimen dimensions did not follow a standard type, 17. The specimen type
was not provided.




Most studies on filament tensile properties used testing machine grips to introduce a load
into the specimens [1-15] and observed significant stress concentration in the filaments near the
grips. The use of tabs [16-19] reduced the stress concentration; however, it is known that tabs
create a thickness discontinuity in a specimen and might result in premature failure. Another issue
with placing a filament on testing machine grips, with or without a cloth or tab, is the unreliability
of the elastic modulus measurements. It is challenging to make the filament completely straight at
the beginning of the loading, and a slight filament curvature can result in high variability in the
modulus calculations [2]. Several researchers have designed or used specialized fixtures [20-23]
for filament tensile tests to ensure a pure and uniform load introduction to the specimens.
Typically, these fixtures allow the winding of filaments around a bollard (a cylindrical load-
introduction device), which simplifies the straightening of the filament at the beginning of the test.

Several studies, as shown in Table 1, did not use a strain measurement device during
testing. The crosshead movement does not provide accurate elongation values before necking;
therefore, it cannot be used for Young’s modulus measurements. In addition, different gage lengths
and testing speeds were used across the studies listed in Table 1, and their impact on the
measurement of tensile properties was not explored. Almost none of the research articles described
the filament failure location, that is, within the gage, apart from three studies [11, 14, 22].
Furthermore, 15 of the 23 studies compared the tensile properties of 3D-printed specimens to those
of filaments and found lower values for 3D-printed coupons. Most studies used a rectilinear infill
pattern with £45 deg rasters, which does not provide tensile properties along the rasters in the gage
section; therefore, they are inappropriate for comparison with filament values. Even the three
studies that used 0° rasters in the gage section of dog-bone tensile specimens encountered major
challenges in the transition area of the coupons, for example, large voids, resulting in unacceptable
failure modes. Challenges with tensile testing of 3D-printed specimens were observed by many
researchers and were summarized by Sola et al. [24].

Therefore, there is a limited amount of research studies on filament tensile testing, most of
which encountered challenges such as filament stress concentration during testing and high
variability in modulus measurements. In addition, they were not successful in validating filament
tensile properties using 3D-printed dog-bone specimens.

This study focused on the filament tensile test procedure itself and explored the impact of
several testing parameters on the successful measurement of the filament tensile properties. In
addition, an optimized raster path was developed for 3D-printed dog-bone tensile specimens with
0° rasters in the gage section with minimum defects. The goal of this study was to develop an
optimized test method for measuring the tensile properties of polymer filaments. Standardizing
this method would benefit the additive manufacturing community by allowing the comparison of
test results among research laboratories. Furthermore, material suppliers can provide datasheets



with filament tensile properties, which can be used for quality control checks during material
purchases.

In this study, an off-the-shelf testing fixture, filament material, and oven-treatment process
are described in Section 2. The test plan is then presented, which explores the impact of the
following parameters on the filament tensile properties: the use of an extensometer with different
knife edges, gage length, testing speed, and oven-treatment process. This is followed by a
discussion of the raster optimization and 3D printing of dog-bone tensile specimens that are
required to provide confidence in the filament tensile testing results. The testing procedure for the
3D-printed dog-bone specimens is also described. Section 3 summarizes the results of the filament
and dog-bone tensile tests, followed by conclusions and directions for future research.

2. Methodology

2.1. Filament tensile testing
2.1.1. Fixture

As mentioned in the introduction, several researchers have used custom fixtures [20-23]
for filament tensile testing. Rahimizadeh et al. [20] used a set of thimbles to fix the filaments in a
testing machine. Ferreira et al. [21] designed a grip consisting of a clamping mechanism to fix the
filament and bollard, where the filament was wrapped three times. They noted the difficulty of
winding the filament around the bollard, particularly for less ductile filaments. Although the
bollard diameter was not provided in their study, an image of the fixture indicated a bollard with
a small diameter, which may have been the reason for the difficulties encountered. In a previous
study [22], the authors designed a hook-shaped fixture with a diameter of 80 mm and 3D printed
it from PLA. Although the filament installation and failure modes were robust, the clamping
mechanism for the free ends of the filament was not always successful in preventing slippage.
Yildiz et al. [23] used an off-the-shelf fixture comprising a bollard with a diameter of 150 mm and
a vise.

From a literature review, it was observed that a set of fixtures consisting of a larger bollard
diameter and a vise, where the filament is wound around the bollard and its free end is fixed, is a
robust method for load introduction during filament tensile testing. The bollard diameter should
be sufficiently large to prevent breakage of the filament during winding. The difference in
extension between the inside and outside of the wound filament results in a strain that should be
lower than that at the break. The minimum bollard diameter for preventing filament breakage can
be calculated as follows (Eqg. 1):

2 X Dy;
_ ];;lament (1)
where Drixture, Dfilament, and &;, are the minimum bollard diameter of the fixture, the diameter of the
filament cross section, and the strain at break of the material, respectively. Although a large bollard
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diameter is desirable to prevent filament breakage in the fixture, it reduces the available maximum
head displacement of the testing machine and increases the required sample length.

In this study, a set of off-the-shelf fixtures and a high-capacity wire or rope grip G1092 (Mark-10
Corporation, Copiague, USA) were used, one for each end of the test specimen [25]. The 3D model
files and dimensions of the fixture are available online [25] and provided in the data repository of
this study. The bollard part of the fixture has a diameter of 92.9 mm; therefore, for a filament of
1.75 mm diameter, it can be used for testing materials with a strain at break of at least 3.77% (Eq.
1). Figure 1a shows the fixture, and Figure 1b shows a side view of the dimensions.
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Figure 1. G1092 fixture: (a) the fixture; and (b) dimensions in inches. [mm] [25].

2.1.2. Filament material and oven-treatment

An ABS Prime filament (AON3D, Montreal, Canada) with no pigmentation and a 1.75 mm
nominal diameter was used for filament tensile testing and 3D printing dog-bone tensile
specimens. A single filament spool was used in this study to minimize any variability caused by
the materials (batch #CX09-0100-18-5LB, L000021J1121, S090100103001).

During filament manufacturing, the screw extrusion process, cooling, and winding procedures can
result in preferential molecular alignment of the filament along its length. Rodriguez et al. [26]
investigated ABS for the MEX process and observed that the degree of molecular orientation
significantly affected the mechanical properties of thermoplastic polymers. They suggested
filament oven treatment for several hours at a temperature 10°C above its glass transition
temperature (Tg) to minimize this effect and allow the polymer molecules to relax to a more
random orientation. Therefore, tensile testing of both the nontreated (as-received) and oven-treated
filaments is of interest in this study.

Approximately 28 m of the ABS filament was rewound from plastic to a metallic spool and left
loosely to ensure that the filament was free to shrink in length during the oven treatment. The
filament was not cut into pieces to reduce waste and save material for the filament tensile testing,
and an oven-treatment procedure at 111 °C £0.1 °C, for a duration of 385 min, in an air-recirculated



oven was completed. At the end of the process, the filament slumped on the spool, was lightly
stuck to itself, and was moderately wavy. Figure 2a shows the filament before oven-treatment;
Figure 2b shows the spool inside the oven; and Figure 2c shows the spool at the end of the process.

(a) (b)
Figure 2. Oven-treatment process: (a) non-treated filament; (b) the oven; and (c) oven-treated
filament.

The oven-treatment process parameters (dwell temperature and time) followed those of the
authors’ previous study [22]. Furthermore, before the oven treatment of the spool, a piece
approximately 85.5 cm long was cut and laid loose on the shelf in the oven. After 405 min at 111
°C, its length was reduced by 14.1% and its diameter was increased by 7.2%. These values agree
with [22], where changes of -17% and +9% were observed for the filament length and diameter,
respectively, for the same material (different lot).

2.1.3. Filament tensile testing procedure

As mentioned in the introduction, because there is no standardized testing for filament tensile
properties, researchers have used crosshead movement for strain measurement, and the gage length
and testing speed have varied across studies. In this study, first, using non-treated filaments, the
impact of the strain measurement device, knife edge type, gage length, and testing speed was
investigated (experiments A to H in Table 2). Then, experiment | explored the impact of oven-
treatment on the filament’s tensile properties. At least eight samples were tested in each
experimental set.

Table 2. Filament tensile test plan.

Experiment Strain measurement Knife edge | Gage length, | Testing speed, mm/min
ID device type mm (in./min)
A No extensometer N/A
B Extensometer Blunt 165 6.35 (0.25)
C Extensometer Standard
D Extensometer Blunt 250 9.65 (0.38)
E 3.30 (0.13)
N Extensometer Blunt 165 12.7 (0.5)




G 25.4 (1.0)

H 63.5 (2.5)

It Extensometer Blunt 165 6.35 (0.25)
! Filaments were tested after oven-treatment. All other experiments were performed on non-treated filament.

It was realized that an optical extensometer creates minimal disturbance to the filament specimen;
however, it presents challenges in measuring the strain considering the small filament diameter. A
clip-on extensometer is available and is simple to implement. Preliminary experiments showed
that the extensometer did not result in premature failure of the filament when blunt knife edges
were used. The specimen gage length is defined as the straight section of the filament between the
two bollards. It was initially decided to relate this to the specimen dimensions in ASTM D638-22,
in which the grip-to-grip distances for the Type | and Il specimens were 115 and 135 mm,
respectively. After a review, it was observed that a filament gage length of at least 165 mm was
required for proper extensometer placement. In accordance with the ASTM D638 standard, a test
speed of 5 mm/min (0.2 in./min) +25% is the lowest value for rigid and semirigid materials for
Type | and 11 specimens. In this study, the speed increased proportionally because the filament
length under tensile loading (165 mm) was longer than the grip-to-grip distance for the Type |
specimens in ASTM D638 (115 mm). It was considered more important to match the strain rate
inherent in the ASTM D638 standard rather than the absolute test rate.

As a result of the aforementioned considerations, an extensometer with blunt knife edges, a 165
mm gage length, and 6.35 mm/min (0.25 in./min) testing speed were chosen as the baseline
parameters for filament tensile testing.

As listed in Table 2, experiments A, B, and C explored testing with no extensometer, an
extensometer with blunt (rounded) knife edges, and an extensometer with standard (sharper) knife
edges [27]. The gage length was explored in experiment D, where a 250 mm gage length (a 50%
increase) was considered. A gage length greater than 250 mm was not possible for testing,
considering the machine head displacement limit. As previously mentioned, 165 mm was the
shortest length. In general, polymers are strain rate sensitive; therefore, for this larger gage length
(compared to the baseline, 165 mm), the testing speed was proportionally increased from 6.35
mm/min (0.25 in./min) to 9.65 mm/min (0.38 in./min). For experiments E, F, G, and H, testing
speeds of half, two, four, and ten times the baseline speed were investigated. While all previous
experiments were performed on non-treated filaments, experiment | tested oven-treated filaments
to explore the impact of this post-processing procedure on the tensile properties.

Two fixtures were installed on a UTS STM-50 testing machine (United Testing Systems, Concord,
Canada) with a 2.22 kN (500 Ibf) load cell. A 3542-025M-050-ST extensometer (Epsilon
Technology, Jackson, USA) with a gage length of 25 mm and an elongation limit of 50% was used
for the strain measurements. Standard (Part No. 350210-01) and rounded (Part No. 350210-
BLUNT) extensometer knife edges were obtained from Epsilon Technology. Before testing, the



filament diameter was measured using a 3732XFL-1 digital micrometer (Starrett, Athol, USA) at
five different points, and the average value was used for the calculations. Figure 3 shows the test
setup, filament gage length, and extensometer placement using two elastic bands. The filament
was wound only once around each bollard for all tests to minimize material usage.

=
==
)
=
L
)
o)
5]
Q)

Figure 3. Filament tensile testing set-up.

The filaments were cut to the required length (approximately 90 cm for a gage length of 165 mm)
on the testing day. Before testing, filaments were dehydrated at 60 °C for one hour and placed
inside a plastic bag with two 4A molecular sieve desiccant packages (Wisesorbent Technology
LLC, Marlton, USA). Because the filaments were cut to length and placed inside the dehydrator,
it was expected that one hour of dehydration would be sufficient. The laboratory environment was
monitored using a HOBO MX1101 temperature and humidity logger (Onset, Bourne, USA).
During testing, temperature and humidity were in the ranges of 24 to 25 °C and 17% to 37%
relative humidity (RH), respectively.

2.2. Tensile testing of 3D-printed specimens
2.2.1 Optimization of raster path

As mentioned in the introduction, 15 of the 23 studies reviewed on filament tensile properties
included testing of 3D-printed specimens. However, only three studies used 0° rasters in the
specimen gage section, and all reported large voids in the transition area of the dog-bone tensile
specimens [3, 20, 23]. These voids result in breakage outside the narrow cross-sectional test



section, which is an unacceptable failure mode according to ASTM D638. Although there have
been studies on modifying specimen type and geometry of tensile specimens to achieve acceptable
failure modes [28-32], the work reported here focused on the optimization of the raster path to
manufacture dog-bone tensile specimens with dimensions and tolerances that do not deviate from
the ASTM D638 standard.

The ASTM D638 Type | specimen was selected because it is the preferred sample with a material
thickness of less than 7 mm. The raster path was defined as several concentric shells (outline
perimeters) with £ 45° infill in the grip areas. All the extrudates in the gage section were along the
specimen length (with a 0° orientation). To minimize the voids in the transition areas from the
grips to the narrow section, the infill rasters were printed with an extra width of 22% (with respect
to the outlines) and an outline overlap of 7%. Figure 4 shows the optimized raster path used in the
3D printing of dog-bone tensile specimens. A preliminary study on raster path optimization is
included in the data repository of this study. Note that only Type | specimens were explored in this
study, and the authors are currently considering a comparison between Type | and Type Il
specimens in future studies.

Figure 4. Optimized raster path of ASTM D638 Type | specimen for acceptable failure mode.

2.2.2 Specimen manufacturing

Many manufacturing and design parameters affect the mechanical performance of the MEX 3D-
printed specimens. In addition to the raster path, these include the machine tolerance, build
orientation, feedstock material, filament diameter, nozzle diameter, layer height, nozzle
temperature, bed temperature, chamber temperature, cooling rate (fan speed), printing speed, and
infill percentage [33]. Table 3 lists the manufacturing process and design parameters of the 3D-
printed tensile specimens investigated in this study.

Table 3. Manufacturing and design parameters for 3D printing.

Manufacturing/Design | Value Manufacturing/Design | Value

parameter parameter

Build orientation XYz Material ABS Prime

Filament diameter 1.75mm Nozzle diameter 0.4 mm

Layer height 0.2 mm Nozzle temperature 240 °C

Bed temperature 100 °C Chamber temperature 90 °C

Cooling No fan cooling Raster path 0° (see Section 2.2.1)
Printing speed 2400 mm/min Infill percentage 100%




The extrudate widths of 0.48 mm and 0.58 mm were used for the perimeters and the infill rasters,
respectively. The same ABS spool used for filament tensile testing was used for the 3D printing
of seven ASTM D638 Type | specimens. The spool was dehydrated at 60 °C for four hours, and a
StatPro ADL-3D77 filament dry cabinet (Production Automation Corporation, Minnetonka, USA)
with molecular sieve desiccant packages was used to maintain a dry state. An M2+ 3D printer
(AON3D, Montreal, Canada) with a carbon fiber-poly ether ether ketone (CF-PEEK) build
platform was used for specimen manufacturing. Simplify3D version 4.1.2 was the slicer for raster
path generation. After 3D printing, the specimens were left inside the chamber for eight hours
under printing conditions. Then, all heaters were turned off, and the chamber temperature was set
to 30 °C activating the chamber fan for uniform cooling. Figure 5 shows the 3D-printed specimens
before tensile testing.

| T
e

4

— B i i A A A AU A A A
R Y Y AT AT AT A T A e
Figure 5. 3D-printed ASTM D638 Type | specimens after the MEX additive manufacturing.

2.2.3 Dog-bone specimen testing procedure

Six 3D-printed ABS samples were subjected to a uniaxial tensile loading test using an Instron
ElectroPlus E3000 (Instron, Norwood, USA) equipped with a 3 kN load cell. During testing,
temperature and humidity ranged between 20 to 24 °C and 22% to 37% RH, respectively. The
samples were loaded at a constant crosshead speed of 5 mm/min, according to ASTM D638-22,
and the Digital Image Correlation (DIC) gage length was 50 mm. The initial cross-sectional areas
of the samples were measured using the same digital micrometer model used for the filament
testing. The sample displacement was measured on one side using a 2D DIC system synchronized
with the Instron test frame to correlate the strain calculated using the DIC system with the
corresponding measured stress from the test frame. For synchronization, an output channel
(representing the load) from the analog 1/0 connection on the rear panel of the Instron controller
was connected to the analog-to-digital converter (ADC) in the LaVision system used to control



image acquisition. Therefore, load readings were recorded simultaneously with the images
acquired using the LaVision system. More details describing the DIC measurements are provided
in Section 2.2.4. The stress-strain curves of the samples were plotted to obtain Young’s modulus,
stress at yield, stress at break, strain at yield, and strain at break.

2.2.4 DIC strain measurement

The ABS dog-bone tensile specimens were painted with a base coat of flat black spray paint (Rust-
Oleum, Concord, ON) on one surface of the sample. A speckling pattern of airbrush paint (Opaque
White 5212, Createx Colors, East Granby, CT) was applied over the base coat using an H-Set
airbrush (Paasche Airbrush Company, Chicago, IL). A fine stippling effect was achieved by
spraying paint onto a flat surface (a wooden tongue depressor) directed at the panel and dispersing
small droplets that created a pseudo-random pattern. The samples obtained after speckling are
shown in Figure 6.

Figure 6. ABS Type | dog-bone tensile testing samples after painting black and speckling on one
surface.

The painted surfaces of the dog-bone samples were imaged for DIC during tensile testing using a
high-resolution Imager M-Lite 5M camera (LaVision GmbH, Gottingen, Germany) equipped with
an MVL50M23 50 mm fixed focal length lens (Navitar, Rochester, NY), acquiring images at five
frames per second. Illumination was supplied using two Linear Illumination Units 1103314
(LaVision GmbH, Géttingen, Germany). The camera and image properties are listed in Table 4,
and the imaging setup is shown in Figure 7.



Table 4. Camera and image properties for DIC imaging.

Property Unit Value
Camera Resolution pX X pX 2464 x 2056
Pixel Size um 3.45

Frame Rate Hz 5
Image Scaling Factor px / mm 17.4
Image Field of View mm X mm 141.9x 1184

(b) (c).
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Figure 7. DIC imaging procedure: (a) Imaging setu for tensile testing; (b) Calibration setup; and
(c) Representative DIC strain field.

The camera and lighting units are mounted on a tripod along a rail. The calibration target occupied
the camera’s field of view so that the sample measurements could be reliably converted into real
units. Images were processed using the DaVis 10.0.3 commercial DIC software package (LaVision
GmbH, Gottingen, Germany), in which 2D deformations and strains were evaluated across the
painted surface at each frame, as shown in Figure 7c. Calibration for DIC was performed by
acquiring images from a two-level 3D calibration plate Type 106-10 (LaVision GmbH, Géttingen,
Germany), as shown in Figure 7b. For each frame before sample failure, the correlation was
performed relative to the first frame to prevent compounding precision errors, and a subset size of
25 pixels and a step size of 8 pixels were used to achieve sufficient spatial resolution of the DIC
measurements.

3. Results and discussion

This section summarizes the tensile test results for the filament and 3D-printed dog-bone
specimens. An outlier detection assessment was performed on the results using the maximum
normed residual (MNR) method with a significance level of 0.05 [34].

3.1 Filament testing results

Nine sets of tests, each with at least eight samples, were completed, as listed in Table 2 (a total of
76). The following tensile properties were obtained: Young’s modulus, stress at yield, stress at
break, strain at yield, strain at break, and maximum crosshead movement. Note that experiment A
did not include an extensometer; therefore, strain-based parameters were not evaluated.
Furthermore, necking of the filaments was observed during the tests, particularly outside the



extensometer gage region. The data repository for this study included output files from the testing
machine, analyzed results, two video recordings, and all notes regarding the observed necking. For
the modulus calculations, portions of the stress-strain curve between 5.00 and 35.0 MPa were
considered, which corresponded to 10% and 80% of the stress at yield, respectively. If the exact
stress range endpoints were unavailable, the closest available data points were used. Extensometer
slippage occurred during the testing of 18 specimens, and the total slippage was calculated to
determine the correct strain at the yield and break values.

Table 5 lists the filament tensile test results for experiments A (no extensometer), B (extensometer
with blunt knife edges), and C (extensometer with standard knife edges). Because set A did not
include an extensometer, Young’s modulus and strain values were not calculated. Sets B and C
measured similar Young’s moduli with low coefficients of variation (CV). Therefore, both blunt
and standard knife-edge types can accurately measure this property. The CV is the standard
deviation of the test set over the test set mean and is expressed as a percentage. Typically, a CV of
less than 10% is considered good, and a CV of less than 5% is considered very good.

Although the crosshead movement, particularly at low strain values, is generally not recommended
for accurate modulus calculations, some researchers have used it in the past. For example, if the
crosshead movement and the resulting elongation percentage were used for the modulus
calculation for set A, an average value of 0.600 GPa was obtained. This average value is very
much in error compared to the extensometer-based calculations for sets B and C. Therefore, it can
be concluded that crosshead movement cannot be used for modulus determination and an
extensometer is required.

Table 5. Filament tensile test results for sets A, B, and C.

Young’s Stress at Stress at Strain at Strainat | Crosshead

Experiment | modulus yield break yield break movement
ID AVG | CV | AVG | CV | AVG | CV | AVG | CV | AVG | CV | AVG | CcV
(GPa) | (%) | (MPa) | (%) | (MPa) | (%) | (%) | (%) | (%) | (%) | (mm) | (%)

A N/A | N/A| 434 | 16 | 393 | 44 | N/A [ N/A | N/A |N/A| 328 | 63

B 220 | 38 | 439 |12 | 391 |41 | 269 | 86 | 230 | 59 | 378 | 67

C 229 | 15| 443 | 15| 424 | 23 | 2.66* | 25* | 485 | 35 | 154 | 13

*Sample C-2 was detected as an outlier for the strain at yield and was removed from the calculations.

The stresses at yield for all sets were similar, with low CV; therefore, an extensometer with blunt
or standard knife edges could measure this property accurately. Although the average crosshead
movements for sets A and B were similar, set C had a significantly lower value. This indicates that
the extensometer with a standard knife edge resulted in the premature failure of the filaments, with
a breakage point at the lower knife edge. A large variation was observed in the crosshead
movement results for both experiments A and B. During testing, some samples did not show
necking and failed at a much lower crosshead movement than those with multiple necking
locations. Figure 8a shows the significant necking observed for sample B-7. It is hypothesized that



defects may be distributed randomly along the filaments, and if they are present in the test gage
length, they can cause failure at lower crosshead movements without necking. For the
extensometer with a standard knife edge, the impact of the knife edge is considered greater than
the potential defects, resulting in no necking in the samples and lower levels of crosshead
movement leading to failure. Figure 8b shows sample C-3 before failure with no necking.

(@) (b)
Figure 8. Filaments during tensile testing: (a) extensive necking outside extensometer gage for
specimen B-7; and (b) no necking for specimen C-3.

The minimum, maximum, and median crosshead movements in experiments A (13.9, 66.8, and
23.3mm) and B (12.9, 96.8, and 29.5 mm) were similar. Hence, an extensometer with a blunt knife
edge can be successfully used for strain measurements without creating stress concentrations or
premature failure in the filaments. Necking in the samples results in a smaller cross-sectional area
at the location of failure; however, because only engineering stresses are considered in this study,
they will have lower stresses at the break. This can be observed in Table 5, where the stresses at
the break for sets A and B are similar and lower than 42.4 MPa for set C. There was no necking in
the filaments before yield; therefore, the extensometer could measure strain values accurately up
to this point, as is evident from the strain at yield values for sets B and C, which were similar.
However, after yield and necking in the filaments, especially for set B, the extensometer could not
be used for strain measurement because necking mainly occurred outside the extensometer gage
section. Therefore, the table shows a high CV for the strain at break for set B, with a lower



variability for set C. Although the extensometer could not provide an accurate measure of the strain
at break, set B failed at much higher strain values than set C.

As listed in Table 5, for sets A, B, and C, Young’s modulus, stress at yield, and strain at yield were
similar. It is considered that normal sample variability caused the observed variations. Outlier
detection was performed on Young’s modulus, stress at yield, and strain at yield, and only the
strain at yield value for sample C-2 was detected as an outlier. This information has been removed
from the statistical analyses listed in Table 5. Because the hypothesized random distribution of
defects would only seriously impact the stress at break, strain at break, and crosshead movement,
the authors did not perform outlier detection on these properties.

From experiments A, B, and C, it was concluded that an extensometer with blunt knife edges could
be effectively used to evaluate filament tensile properties. Therefore, set B was selected as the
baseline. Note that its tensile modulus and strength of 2.20 GPa and 39.1 GPa, respectively, are in
line with the reported values for neat ABS by Ansari et al. (2.3 GPa and 39.3 MPa) [17]. Table 6
lists the results for a gage length of 250 mm (experiment D) and compares the values with the set
B, which has a gage length of 165 mm. The crosshead movement for set D was over a longer gage
length compared to set B; therefore, the total crosshead movement was reduced proportionally to
correspond to the same gage length as in set B for comparison purposes. No outliers were detected
for Young’s modulus, stress at yield, and strain at yield.

Table 6. Filament tensile test results for sets B and D.

Young’s Stress at Stress at Strain at Strainat | Crosshead

Experiment | modulus yield break yield break movement
ID AVG | CV | AVG | CV | AVG | CV | AVG | CV | AVG | CV | AVG | CVY
(GPa) | (%) | (MPa) | (%) | (MPa) | (%) | (%) | (%) | (%) | (%) | (mm) | (%)

B 220 | 38| 439 |12 | 391 | 41| 269 |86 | 230 | 59 | 378 | 67

D 226 | 22| 443 |12 | 408 |37 | 254 |85| 120 | 69 | 213 | 41

* Crosshead movement is reduced proportionally for comparison.

Table 6 shows there was low variability in all tensile properties up to yield, and there were large
CVs for strain at break and crosshead movement. For set D, necking outside the extensometer gage
was observed for all samples. Figure 9 shows necking in specimens D-1 and D-6 before failure,
which is less extensive than the necking observed for specimen B-7 (Figure 8a).
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Figure 9. Filaments during tensile testing: (a) some necking for D-1 outside extensometer gage; and
(b) small necking for D-6 within extensometer gage.

Compared with the baseline (experiment B), the longer gage length in experiment D provided no
significant changes in the measured Young’s modulus, stress at break, stress at yield, or strain at
yield but did cause a significant reduction in the total crosshead movement. It can be concluded
that a longer gage length may affect the total displacement until failure. Therefore, experiment B
is kept as the baseline.

Experiments E, F, G, and H explored the impact of the testing speed on the filament tensile
properties at speeds of half, two, four, and ten times the baseline, respectively (3.30, 12.7, 25.4,
and 63.5 mm/min (0.13, 0.5, 1.0, and 2.5 in./min)). Table 7 lists the results and compares them to
those of the baseline (set B). Note that for one sample in set F (F-4) and two samples in set G (G-
1 and G-4), the extensometer limit was reached before filament failure. For these specimens,
failure was considered the point of maximum recorded strain. No outliers were detected for
Young’s modulus, stress at yield, or strain at yield.



Table 7. Filament tensile test results for sets E, B, F, G, and H.

Young’s Stress at Stress at Strain at Strainat | Crosshead

Experiment | modulus yield break yield break movement
ID AVG | CV | AVG | CV | AVG | CV | AVG | CV | AVG | CV | AVG | CV
(GPa) | (%) | (MPa) | (%) | (MPa) | (%) | (%) | (%) | (%) | (%) | (mm) | (%)

E 220 | 31| 430 |071| 385 |22 | 284 | 10 | 20.2 | 57 | 45.0 | 43

B 220 | 38| 439 | 12 | 391 |41 ]| 269 |86 | 230 | 59 | 378 | 67

F 231 | 41| 452 | 15 | 397 |14 | 262 |85 |19.7'| 87 | 364 | 59

G 232 | 24| 465 | 12 | 410 | 48| 283 | 6.9 |260%°| 77 | 326 | 51

H 236 | 24 | 482 | 16 | 417 |48 | 277 | 6.0 | 114 | 38 | 225 | 25

! For one sample in set F, the extensometer limit was reached before filament failure.
2 For two samples in set G, the extensometer limit was reached before filament failure.

Generally, with an increase in testing speed from set E to sets B, F, G, and H, Table 7 shows that
there were modest increases in Young’s modulus, stress at yield, and stress at break. The increases
over this range were more significant for the stress at yield (an increase of 12%) than for the stress
at break (an increase of 8.4%) and Young’s modulus (an increase of 7.2%). There was also a
reduction in the average crosshead movement with increasing test speed, although the high
variability in this measurement made it difficult to draw conclusions. Neither the strain at yield
nor the strain at break showed a clear relationship with the testing speed.

More necking near the top or bottom bollard was observed for set E than for set B. Figure 10a
shows that sample E-8 exhibited significant necking near the top bollard. Figure 10b shows sample
F-4 with necking outside the extensometer gage length, similar to that previously observed for
other sets, e.g., set B. Sample G-4 with significant necking within the extensometer gage length is
shown in Figure 10c. The test for sample G-4 was stopped at a strain of 47.7%, considering the
extensometer displacement limit. The crosshead movement of sample G-4 was smaller than that
of sample F-4, whereas a larger strain at break was recorded by the extensometer for sample G-4.
This indicates that the strain values from the extensometer cannot be relied upon when significant
necking occurs outside the gage length.
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Figure 10. Filaments during tensile testing: (a) significant necking at the top bollard for sample E-
8; (b) significant necking above the extensometer for sample F-4; and (c) significant necking in the

extensometer gage length for sample G-4.

Sets E and B had very similar tensile properties; therefore, the test parameters for set B, with a
higher testing speed and demonstrated failure locations closer to the middle of the filament gage

length, were recommended as the baseline.

The final set of tests (experiment I) explored the impact of the oven treatment on the tensile
properties of the filaments. As mentioned in Section 2.1.2, after the oven treatment, the filament
slumped on the spool and was wavy. It was challenging to straighten the filament using preloading,
which created irregularities in the stress-strain curve. Therefore, only the stresses at yield and break
are listed in Table 8. The data repository for this study includes figures for the oven-treated samples
after cutting and placement in the fixture. No outliers were detected for stress at yield.

Table 8. Filament tensile test results for sets B and 1.

Young’s Stress at Stress at Strain at Strainat | Crosshead

Experiment | modulus yield break yield break movement
ID AVG | CV | AVG | CV | AVG | CV |AVG | CV | AVG | CV | AVG | CV
(GPa) | (%) | (MPa) | (%) | (MPa) | (%) | (%) | (%) | (%) | (%) | (mm) | (%)

B 220 | 38 | 439 |12 | 391 |41 [269 |86 |230| 59 | 378 | 67
I N/A | N/A| 398 [ 092 ] 384 | 26 | NJ/A | NJA| N/A | NJ/A | N/A | N/A




There was a modest reduction of 9.2% in stress at yield after oven treatment, which agrees with a
12.5% reduction in strength observed in a previous study conducted by the authors [22]. In
addition, the stress at break was reduced to a lesser extent (1.8%), suggesting that the oven
treatment had only a small effect on the material properties. In future studies, oven treatment of
individually cut filaments will be conducted to prevent the waviness of the samples caused by
post-processing and to explore the impact of oven treatment on other tensile properties.

The failure locations of all the filament samples were recorded. Table 9 lists the averages and CVs
of the failure locations as percentages of the final filament gage length. This was determined from
the post-test length of the filament bottom piece measured from the bottom of the gage section
(Figure 3). 50% indicates that the failure occurred exactly in the middle of the final gage length
(after maximum crosshead movement). Failure locations at the bottom and top bollards are
indicated by 0% and 100%, respectively.

Table 9. Failure location for all filament tensile tests.

Experiment ID | AVG | CV | Experiment ID | AVG | CV
(%) | (%) (%) | (%)
A 58 44 F 59 25
B 44 34 G 53 36
C 41 | 1.6 H 43 16
D 54 51 I 36 55
E 48 85

For many sets, the average of the failure locations is observed to be close to the middle of the
filament final test section length, and the CVs are quite high, with one exception. If, as
hypothesized, defects that control failure location are distributed randomly along the filament
length, this would result in variability in the failure location and an average close to the gage length
midpoint, which agrees with most datasets listed in Table 9. For set C (extensometer with standard
knife edges), there was a very low CV (only 1.6%), and the failure location was close to the lower
knife edge location. The lower knife edge is believed to have a greater effect than the upper knife
edge because of the weight of the extensometer pressing it into the filament (Figure 3). This
indicates that standard knife edges had a higher impact on breakage than defects and may have
resulted in premature failure. This agrees with the findings of the strain at break and crosshead
movement for set C listed in Table 5.

3.2 Testing results for dog-bone specimens

Figure 11 shows the 3D-printed dog-bone specimens obtained after testing. The machine crosshead
movement limit was reached for four samples, and they did not break. For the two ruptured samples
(DB-1-1 and DB-1-6), a crack was initiated in the narrow cross-sectional test section and
propagated until it reached the middle of the specimen, indicating an acceptable failure mode



according to ASTM D638. At this point, the crack changed direction and moved along both the
specimen length and around the infill in the grip sections. The slicer limitations in adjusting the
width of a single linear extrusion in the optimized raster path (Figure 4) may have resulted in voids
along the specimen length, which will be explored in a future study. In addition, a testing machine
with a higher crosshead movement limit is required.
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Figure 12 shows the stress-strain curves obtained from tensile testing of the 3D-printed specimens.
The ABS samples behaved in a ductile manner, as indicated by the plateau curve after the yield
point, which has also been reported in the literature [35, 36]. Because specimens DB-I1-2, -3, -4,
and -5 did not fail and exceeded the extension limit of the test frame, their stress-strain graphs

returned to zero. For these specimens, failure was considered as the point of maximum recorded
strain.
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Figure 12. Stress-strain curves of 3D-printed Type | dog-bone ABS samples.

Table 10 lists the following tensile properties of the 3D-printed specimens: Young’s modulus,
stress at yield, stress at break, strain at yield, and strain at break. Similar to the filament tensile
properties, a portion of the stress-strain curves between 5.00 and 35.0 MPa was used for the
modulus calculations. The MNR method was used, and no outliers were detected in the tensile
properties of the dog-bone specimens. Previous studies reported a large variability in dog-bone
tensile results when a 0° raster angle was used [23]. Table 10 shows that the CVs for all the tensile
results, except the strain at break and crosshead movement, were very low (less than 1.5%). In
addition, the strain at break and total crosshead movement provided reasonable CV values, which
demonstrated the effectiveness of the optimized raster path used to 3D-print the specimens.

Table 10. Tensile properties of 3D-printed Type | dog-bone ABS samples.

Specimen Young's Stress at Stress at Strain at Strain at | Crosshead

ID Modulus yield (MPa) break yield (%) | break (%) | movement
(GPa) (MPa) (mm)
DB-I-1 2.24 44.5 36.7 2.27 37.9 26.9
DB-I-2 2.27 44.7 37.4 2.25 40.5" 28.0°
DB-1-3 2.27 44.9 375 2.28 40.7" 28.07
DB-1-4 2.26 45.1 375 2.35 45.3" 29.0°
DB-I-5 2.26 44.9 37.4 2.31 42.8" 29.0°
DB-I-6 2.27 45.1 37.2 2.31 35.2 24.8
Average 2.26 44.9 37.3 2.30 40.4 27.6°
CV (%) 0.53 0.51 0.80 15 8.8" 5.8"

* The crosshead movement limit was reached before failure.

Table 11 lists the tensile results for the optimum filament test set (B) and compares them with the
results for the 3D-printed dog-bone tensile specimens. For the 3D-printed dog-bone specimens,
the total crosshead movement increased proportionally, considering their shorter grip-to-grip
distance of 115 mm compared to set B with a filament gage length of 165 mm.

Table 11. Tensile test results for filaments and 3D-printed dog-bone specimens.

Young’s Stress at Stress at Strain at Strainat | Crosshead
Experiment |  modulus yield break yield break movement
ID AVG | CV | AVG CV | AVG CV | AVG | CV | AVG | CV | AVG | CcV

(GPa) | (%) | (MPa) | (%) | (MPa) | (%) | (%) | (%) | (%) | (%) | (mm) | (%)
(Fi?:rtnlznt) 220 | 38 | 439 | 12 | 391 | 41 | 269 | 86 | 223 | 55 | 37.8 | 67

Dog-bone 226 | 053 | 449 |051| 373 | 080|230 | 15| 404 | 88 | 39.6" | 5.8
* The crosshead movement was increased proportionally for comparison purposes.

The filament and 3D-printed dog-bone tensile tests provided very similar results for Young’s
modulus, stress at yield, stress at break, and crosshead movement. The 3D-printed samples
exhibited a slightly lower strain at yield, which was reduced by 14.6% compared to the filament



average. Significant necking occurred outside the extensometer gage length during the filament
tests. Therefore, no conclusion could be drawn from the strain-at-break values.

As explained in Section 1, 3D-printed dog-bone specimens in the literature mainly exhibit
breakage in the transition area and consequently provide lower tensile properties than filament
tests. However, the raster path in this study was successfully optimized, resulting in specimen
breakage within a narrow cross-sectional test section (an acceptable failure mode). This proves
that dog-bone tensile specimens with 0° rasters can be 3D-printed with minimal defects. Therefore,
it is not necessary to modify the dimensions of the dog-bone specimens to achieve an acceptable
failure mode for 0° rasters, and the ASTM D638 Type | specimen, the preferred specimen, can be
used in the field of the MEX process.

In this study, dog-bone tensile properties are shown to be similar to filament-derived “bulk
material” properties. Therefore, the 3D-printed dog-bone tensile results confirm the filament
tensile results. They showed that the tensile properties of ABS could be accurately evaluated using
a set of bollard-type test fixtures and the filament testing parameters of set B, that is, an
extensometer with blunt knife edges, a gage length of 165 mm, and a testing speed of 6.35 mm/min
(0.25 in./min). Note that different polymers and reinforcement types may require a re-evaluation
of these testing parameters.

4. Conclusions

This study provides comprehensive experimental data on filament tensile testing to help develop
an optimized test method for measuring filament tensile properties. It explored the impact of the
strain measurement device, extensometer knife-edge type, filament gage length, testing speed, and
oven treatment on the tensile properties of an acrylonitrile butadiene styrene (ABS) filament using
an off-the-shelf bollard-type fixture.

It was observed that an extensometer with a standard knife-edge accurately evaluated the filament
tensile properties up to yield; however, it caused premature failure in the filament after yielding.
It was determined that an extensometer with blunt knife edges introduced minimal disturbance to
the specimens while still providing accurate elongation measurements. With an increase in the
testing speed, there were modest increases in the stress at yield, stress at break, and Young’s
modulus. The oven-treatment process resulted in a modest reduction in stress at yield, whereas the
reduction in stress at break was not significant.

Therefore, it was concluded that using an off-the-shelf bollard-type fixture, an extensometer with
blunt knife edges, a gage length of 165 mm, and 6.35 mm/min (0.25 in./min) testing speed can
accurately evaluate the tensile properties of ABS filaments.



The tensile properties of the 3D-printed dog-bone specimens exhibited very low CV values,
validating the effectiveness of the optimized raster path. Their Young’s modulus, stress at yield,
and stress at break (2.26 GPa, 44.9 MPa, and 37.3 MPa) were very similar to those of the baseline
filament test (2.20 GPa, 43.9 MPa, and 39.1 MPa). This provides further confidence in the filament
tensile results and demonstrates the effectiveness of the optimized raster path.

The optimized filament tensile test reported here can reliably provide baseline values that can serve
as a foundation for AM process development. Furthermore, filament tensile testing can be used to
evaluate feedstock properties without using 3D-printed dog-bone specimens. In this study,
filament tensile testing was explored for one polymeric material without reinforcement. High-
performance polymers such as ULTEM™ 9085 and Victrex AM™ 200 and reinforced filaments
will be explored in future studies. All information from this study, such as the oven-treatment
process, raw output files from testing machines, analyzed results, and factory files for 3D printing,
is provided in the data repository so that other researchers can use it for future filament tensile
studies.
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