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Report Title
Dynamic Evolution of Acrylonitrile Butadiene Styrene (ABS) Subjected to High Strain Rate Compressive Loads
ABSTRACT

The goal of the present investigation is to better understand the potential energy absorption benefits of components
fabricated using fused deposition modeling additive manufacturing. Tensile test specimens were fabricated,
according to the ASTM D638 standard, to characterize the general mechanical behavior of the of 3D-printed
Acrylonitrile Butadiene Styrene material to assess potential strain rate dependency. The mechanical evaluation was
also necessary to determine properties necessary to characterize the dynamic evolution of ABS in compression at
various strain rates. The ABS specimens were subjected to high strain rate deformation through the use of the
split-Hopkinson Pressure Bar. During compression a new phenomenon described as a multistage collapse in which
the sample undergoes multiple stages of compression and expansion was observed. As the velocity increases the
capability for energy absorption decreases to where there is only one stage of compression equivalent to the initial
stage.
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ABSTRACT

The goal of the present investigation is to better understand the potential energy absorption
benefits of components fabricated using fused deposition modeling additive manufacturing.
Tensile test specimens were fabricated, according to the ASTM D638 standard, to characterize
the general mechanical behavior of the of 3D-printed Acrylonitrile Butadiene Styrene material to
assess potential strain rate dependency. The mechanical evaluation was also necessary to
determine properties necessary to characterize the dynamic evolution of ABS in compression at
various strain rates. The ABS specimens were subjected to high strain rate deformation through
the use of the split-Hopkinson Pressure Bar. During compression a new phenomenon described
as a multistage collapse in which the sample undergoes multiple stages of compression and
expansion was observed. As the velocity increases the capability for energy absorption decreases
to where there is only one stage of compression equivalent to the initial stage.

INTRODUCTION

Through the use of Direct Digital Manufacturing (DDM), more commonly known as additive
manufacturing (AM), various thermoplastics can be used as the basis for creating models and to
be printed for a vast amount of applications that could be potentially beneficial with respect to
mechanical and structural designs. Using this approach Acrylonitrile Butadiene Styrene (ABS)
can be printed at various orientations, and further understanding the effect that this process has
could lead to potential benefits that were previously unexplored. DDM uses a combination of
computer aided design (CAD) and computer aided manufacturing (CAM) as well as computer
codes designed to interface with advanced 3-D additive manufacturing prototyping machines to
produce a design [1]. Riddick et al. [2] observed that building in the horizontal direction with a
0° rotation achieved the highest tensile strength (32.60 MPa). Table 1 describes the mechanical
results from different build directions and orientations within those build directions.

Table 1 Build orientation response [8]
Table 1. ASTM 638 test results for ABS specimens using FDM

Build Raster Poisson’s Tensile Strength Tensile Modulus
0° 0.374 32.60 2.69
Horizontal 90° 0.360 15.26 2.45
0°/90° 0.371 25.69 2.59
0° 0.386 34.17 2.79
Side 90° 0.372 24.24 2.53
0°/90° 0.373 29.11 2.65
0° 0.329 457 2.45
Vertical 90° 0.349 15.30 2.40
0°/90° 0.321 8.56 2.31




Advanced 3-D additive manufacturing prototyping (3-D Printing) has been used in a variety
of applications, which include medical designs, oil filter assemblies, prototypes, replacement
parts and dental crowns [3]. The present research is aimed at understanding the effect of the 3-D
printing process, through use of the fused deposition modeling (FDM) and the printing
orientation as a means to quantify the potential benefits to allow for a more cost effective, time
efficient, in-house fabrication of designs, while optimizing the mechanical and structural
integrity. In FDM, CAD software is used to convert a file containing a 3-D model into 3-D
stereolithography (STL) format. The STL file is imported into a CAM software, which produces
a physical replica of the 3-D model sliced into thin layers comprised of tool paths used by the 3-
D printing machine to place continuous feedstock filament comprised of ABS and onto a surface
building it up the 3-D component layer-by-layer [2].

In the design of mechanical and structural components it is essential to understand the
mechanical behavior at different loading rates based on the required design. The present
investigation is aimed at understanding the effect of high strain rate loading (> 10 s) on various
forms of Acrylonitrile Butadiene Styrene (ABS) for potential benefits in energy absorption, as
well as mechanical and structural applications. In the area of high strain rate deformation, there
has been extensive work on understanding the effects of high strain rate on metals such as
aluminum alloys, steels and other metals [4-7]. Limited exploratory research has been done in
the area of plastics, more specifically ABS. Many experiments have been conducted through the
usage of the split-Hopkinson Pressure Bar for strain rates greater than 10 [8]. The range of
interest for the present study (10° — 10°%) falls squarely within the capability of the split-
Hopkinson bar test making this setup suitable for completing the test required to investigate the
dynamic evolution of ABS.

Figure 1 shows the formation of two different types of ASB within a steel specimen.
Distorted grain regions that are associated with large amounts of shear characterize deformed
bands. The white etching (transformed) bands are given their name because of their appearance
in the microscopy after the sample has been prepared. They are also known to be harder and
more brittle and observed in hardened steels [9].

fe

Figure 1 Deformed an ransored bands with steel specimen [1]

When observing metals at high strain rates, one of the main relationships that are being
analyzed is the relationship between the stresses the material undergoes as the strain is increased.
Yazdani et al. [10], Qiang et al. [11], Lee et al. [12] conducted studies observing the dynamic
deformation of copper and titanium alloys and observed that the maximum stress at these high



strain rates does not change drastically relative to surrounding strain rates. Siviour et al [13]
showed that the final strain achieved on polymers is a directly related to the strain rate applied
along with its relationship to the stress experienced in a material at high strain rate deformation.

For polymers, such as ABS, the mechanical properties vary considerably from those
observed in metals. Gaining a better understanding of the strain rate dependency of ABS will
help in effectively knowing what stress limits due to the required design application as a function
of the strain rate. Mulliken and Boyce [14] studied the strain rate dependency of glassy polymers
from (10 *to 10*s™) and were able to show that an increase in strain rate sensitivity was
observed at elevated loading rates compared to those observed at quasi-static loading. Wally and
Field [15] conducted multiple tests on the strain rate sensitivity of polymers subjected to loads
ranging from quasi-static to high strain rates, using a solid block of ABS to conduct mechanical
property evaluation at various strain rates (figure 2). The novelty of the present research is that
rather than testing a solid block of ABS, machined down to the appropriate size, here, an
advanced 3-D additive manufacturing approach is used to create highly optimized logical
structures for energy absorption.
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Figure 2 Solid ABS stress strain curve [14]

Through the analysis of this solid ABS a linear relationship between the strain rate applied
and the maximum stress observed in the quasi-static region was observed [15]. As the
transitional phase from quasi-static to dynamic loading is entered, there is a drastic change in the
increase in the gradient of the slope. Unlike observations of adiabatic conditions occurring with
metals there is no drastic change in temperature. Using this analysis as comparison to those
obtained here, it is desirable to understand whether the potential benefits of 3-D printed polymer
can be harnessed for use in mechanical and structural applications.

EXPERIMENTAL APPROACH

Before experiments at high strain rates can be conducted, it is essential to understand how the
material will behave at quasi-static loading conditions. This interest arises from the fact that



majority of polymers are strain rate sensitive, i.e., the maximum stress observed in an object
before deformation, or failure, is directly related to the rate of strain being applied to the
material. In Figure 2 it is noticed that over a wide range of strain rates there are different levels
of maximum stress observed in the ABS throughout testing. In order to understand the tensile
properties of the 3-D printed ABS, preliminary tensile tests were conducted using the ASTM
D638-03 Standard Test method for Tensile Properties of Plastics. The standard recommends
Type | specimen for rigid and semi rigid plastics [16]. Tensile_testing is prescribed at a rate of
5mm/min. Type | specimen dimensions used in the tensile testing are shown in Figure 2.
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Figure 3 ASTM D638-03 Dog Bone [9]

When designing the specimen for tensile testing, it is important that the tensile specimen is
built such that the orientation of the tensile test loads corresponds to the subsequent dynamic
tests. The tensile specimen was built with each successive layer composed of 0° and 90°
orientations built from the ground up, as shown in Figure 4. According to the ASTM D638-03
standard [16], the test specimen is to be tested at minimum of 0.50 cm/min to extract material
properties such as yield point, elastic modulus and ultimate tensile strength. Using this as a
starting point and in order to understand if the material was strain rate dependent, tests were
performed at displacement rates of 0.5, 5, 25, 35, and 50 cm/min. Figures 5 and 6 show the
specimen before and after testing was condug:ted.

3
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Figure 4 Material Build Direction 0/90 Orientation [5]



Figure 5 Experimental Setup Prior to Figure 6 Experimental Setup After
Testing Testing

Once tensile testing was completed, the next phase in material design and testing was the uni-
axial compression loading. The specimens for compression were 8mm in diameter by 8 mm in
length. The compressive loading was conducted using the conventional split-Hopkinson pressure
bar shown in Figure 7. The setup was comprised of a gas gun connected to a striker bar that
induced a velocity into the system. The velocity was then transferred to an incident bar which
had a strain gage attached to it to capture the dynamic response as a result of the applied
compression on the specimen. The reflected waves from the specimen were captured through the
same strain gage that recorded the incident waves. On the other side of the specimen was the
transmitted bar which captured the waves that were transmitted -through the specimen as a result
of compressive loading. The measurements were then relayed from the strain gage to the
oscilloscope, which provided a profile of the outputs, these results were converted into stress,
strain, velocity over time, displacement, force and strain rate [17]. Finally, these properties are
observed to consider the effects of dynamic loading on the ABS cylindrical specimen.
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Figure 7 Split-Hopkinson Pressure Bar



In conjunction with the data captured through the use of strain gages and oscilloscopes, the
material deformation was captured through the use of a digital image correlation (DIC) system,
which captured the compression at 124,000 frames per second (fps). The DIC program that is
being used is ARAMIS, which captures the movement of certain points along the load axis as a
result of deformation by tracking dots that are applied through spray painting patterns of black
and white along the length of the specimen. Figure 8 shows what a typical 8-mm specimen after
being spray-painted, in comparison to a plain specimen.

~.
————

Figure 8 (a) Unpainted Specimen (b) Painted specimen

RESULTS AND DISCUSSION
Testing for this material was done in two different stages. First being tensile testing to
capture further understand the possibility of strain rate dependency for the ABS tested as well as
the maximum stress observed to allow for calculating values of the strain rate. The compression
ABS samples were tested at strain rates from 500 s to 2000 s and the data collected and
capture was an average of three tests at these strain rates.

Material Characterization

The material is brittle so there is no real evident plastic deformation observed in tensile
testing, which is directly related to the manner in which the material is built. Figure 9 shows the
stress strain graph as a result of the tensile testing at various displacement rates. Table 2 shows
the specimen testing rates for strain rate dependency. The minimum is that prescribed by the
ASTM D638-03 standards and the maximum capability of the MTS 22kip, along with the
resulting modulus of elasticity.
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Figure 9 Stress, Strain Tensile Results

At the initial strain rate the stress observed in the system is 3.4 MPa, which is the lowest out
of the four stresses observed. However, the modulus of elasticity appears to be consistent among
the specimens. As load rate is increased from 0.5 cm/min to 50 cm/min the stress felt by the
specimen is around the same levels as well as the maximum strain experienced before failure
occurs.

Table 2 Tensile Testing Results

Displacement Rate Value
0.5 cm/min 1.0
5 cm/min 0.9
25 cm/min 1.0
50 cm/min 1.0
Average 0.975

Using these results, the maximum stress is applied to calculations relating for the bar
properties and applied pressure to capture various strain rates based on the specimen size. From
these calculations a relationship between material properties, strain rate, velocity and tank
pressure are established (as seen in Table 3).



Table 3 Strain rate, pressure, and velocity relationship

ABS 8 x 8 mm* Cylindrical Specimen | ABS 10 x 10 mm* Cylindrical Specimen

Strain Rate Velocity Pressure Strain Rate Velocity Pressure
(1 (m/s) (kPa) (1 (m/s) (kPa)
500 4.096 20.68 500 5.154 26.82
750 6.097 32.96 750 7.656 4461
1000 8.097 48.33 1000 10.158 68.19
1500 12.097 91.08 1500 15.162 114.80
2000 16.098 150.86 2000 20.165 224.84

Compression Analysis
Throughout testing it was evident that at lower strain rates there were different stages of
deformation observed while the specimen underwent one initial impact. Figure 9 shows the

deformation observed due to compression with respect to time, where Y is the longitudinal
displacement.
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Figure 10 Longitudinal Stage Displacement 500 strains/s

Using the DIC, three different points throughout the material were captured and analyzed as
the specimen went under compression (as seen in Figures 9), which gives a reference to the
points labeled top, middle and bottom in conjunction with the results displayed in the graph.
These points were selected to give a better representation of the specimen. At a strain rate of 500
s, the compression is not evident until about 200 microseconds and initially it is minimal.
Beyond this stage however, the compression begins and the specimen contracts. Towards the end
of this stage the material expands slightly noting that the overall displacement increases until the
next stage of contractions occur. This continues over the final 4 stages until the overall
deformation of the material is completed and as the induced strain rate increases the stages of
deformation decrease until eventually there is only one stage at 2000 s™. This displacement
observed by the system is also evident in the compression video captured by the camera.



Table 2 shows the initial height of the specimen before deformation in comparison to the
final height. Interestingly, at these lowest strain rate displayed the specimen show signs of
actually expanding after the compression process was completed. Once a strain rate of 750 s*
was reached the average final height began gradually decrease until failure occurred. At a strain
rate of 2000 s™* the specimen undergoes about a 60% reduction in size, which is the strain rate at
which failure occurs.

Table 3 Specimen Height

Strain Rate Initial Height (mm) Average Final Height (mm)
500 8 8.11
750 8 7.95
1000 8 7.18
1500 8 5.85
2000 8 4.07

The damage evolution of the specimen starts to become drastic once the applied strain rate
goes beyond 1000 (as seen in Figure 10); these images are a sample of the specimen tested to

capture the average final height.

750/s 1000/s 1500/s 2000/s

8 mm,

Figure 10 Specimen Deformation
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The specimen failure as a function of the strain rate can be divided into two different regions,
the first consisting of 500 —~1000 s™ and the second consisting of the final two strain rates, 1500 s
! and 2000 s™ ( as seen in Figure 11). Each of these specimens undergoes a multiple stages of
stress increase and stress decrease but as the strain rate increase the differences become less



drastic in region one. As the transition from region one to region two occurs, the corresponding
yield point changes along with the maximum stress. For a strain rate of 1500 s™ the yield point is
91.64 and the maximum stress is 93.06 MPa. For the strain rate of 2000 yielding occurs at 89.67
MPa and the maximum stress is 96.67 MPa. In this region there is one significant drop in stress
an increase in stress and the then a drastic decrease as a result of stress collapse.

CONCLUSION

Throughout this research exploratory studies have been conducted in understanding the effect
of the 3-D printing on the response of ABS polymer. At strain rates above 1000 s™ failure begins
to occur in the printed ABS by buckling, where as below this there is minimal height reduction
and failure observed. At the lower strain rates from images captured through the use of the DIC
system there is some contraction and expansion of the material evident. This is believed to be a
result of the ring that is built around the specimen holding the perpendicular layers in place
absorbing the energy acting as a multi-stage spring, which results in the compression and
expansion of the specimen in the longitudinal.

The specimen expresses a linear relationship between stress and strain up until it its reaches
its yield point. More plastic deformation is observed at higher strain rates along with higher
levels of stress. However, as the strain rate is increased there is a more evident showing of stress
collapse ultimately leading to the failure of the specimen. While ABS does not display stress
limits in the dynamic response similar to those seen in metals, the multi-stage collapse indicates
a potential for novel energy absorption mechanism to be exploited at lower strain rates. Future
work in the area should include more studies about printing orientation, as well as, investigating
the impact of the presence of the outer cylindrical ring on the overall dynamic response.
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