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Abstract

Acrylonitrile Butadiene Styrene or ABS is a popular and inexpensive isotropic, amorphous
thermoplastic widely used for Additive Manufacturing (AM) of engineering parts. An AM process
called Fused Filament Fabrication (FFF) that involves layer-by-layer deposition of melted
thermoplastic wire through a heated nozzle along predetermined paths is common for printing
thermoplastics such as ABS. Individual layers printed during AM can be configured differently
and could introduce anisotropy into the part due to weaker planes between individual beads even
when the feedstock is isotropic. The feasibility of tailoring these individual layers in different
directions and designing print architectures introduces uncertainty in the mechanical behavior of
AM parts. Hence, the role of the print architecture on mechanical failure and fracture properties
must be critically evaluated. In this work, AM ABS parts with three different in-plane print
architectures, namely [0°/90°],, [45°/-45°], and [0°/45°/90°/-45°], are considered and their elastic
and fracture properties have been evaluated under quasi-static and high strain rate loading using
full-field optical techniques used in conjunction with a hybrid experimental-numerical method.

The full-field measurement of local in-plane displacements is performed optically up to
crack initiation and during crack growth using Digital Image Correlation (DIC) method in quasi-
statically and dynamically loaded AM ABS specimens. The early part of the dissertation details
the challenges associated with the prevailing approaches of extracting fracture properties from
full-field displacement data obtained from DIC. To overcome the limitations, a method of
analyzing DIC data by transferring it to a corresponding Finite Element (FE) model for computing
the energy release rate as the J-integral and then partitioning it into individual stress intensity
factors is developed. Details of this “Hybrid DIC-FE” methodology are presented before

undertaking experimental work.
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In the next part of the work, the tensile and fracture behaviors of three in-plane print
architectures, namely [0°/90°],, [45°-45°]n, and [0°/45°/90°/-45°], orientations, under quasi-static
loading conditions are examined. Uniaxial tension experiments are performed on dog-bone-shaped
AM ABS specimens and quasi-static fracture experiments on edge-notched symmetric three-point
bend specimens using a universal testing machine. Even though the printed architectures show
macroscopic elastic isotropy, significant differences in the failure strain, crack initiation and
growth parameters, and failure modes among the three architectures are observed. These
differences are explained using tests performed on comparable unidirectional prints. The results
suggest that [0°/45°/90°/-45°], is preferable to the other two more common configurations for a
relatively gradual failure behavior and higher resistance to crack growth.

The next part examines the high strain rate fracture behaviors of three different print
architectures, namely [0°/90°],, [45°/-45°],, and [0°/45°/90°/-45°], in-plane orientations, under
stress-wave loading conditions and compares the results with the quasi-static counterparts. Elastic
properties under high strain rate loading are measured on printed cubes using ultrasonic
transducers. The high strain rate fracture experiments are carried out on V-notched AM ABS
specimens using a modified-Hopkinson pressure bar apparatus. Distinct crack initiation and
growth behaviors with different failure modes are observed in the three architectures under quasi-
static and high strain rate loading conditions despite macroscale elastic isotropy. The results favor
[0°/45°/90°/-45°] architecture due to a better crack growth behavior relative to the other two print
architectures, suggesting that the fracture performance can be enhanced via print architecture.

The final section of this dissertation details the effect of print architecture on the mixed-
mode fracture behavior of AM ABS specimens. An Arcan loading apparatus that allows for direct

optical measurements in the crack tip vicinity is developed and mixed-mode (I/II) experiments

il



under quasi-static loading are performed for the three architectures studied in this work. Distinct
failure loads, load-point displacement at failure, and failure modes are observed under different
loading conditions ranging from mode-I, mixed-mode (I/II), and mode-II conditions. The optical
measurements from DIC are used with the hybrid DIC-FE methodology to extract energy release
rates and stress intensity factors. The critical values at crack initiation are identified and the fracture
envelopes are plotted to evaluate the mixed-mode (I/II) performance for all three architectures.
Significant differences in the behaviors are observed, with the [0°/45°/90°/-45°], architecture
having a better fracture profile among the three architectures studied. Fracture mechanisms at play

are further explained via fractography using images of crack paths and fractured cross-sections.
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Chapter 1. Introduction

1.1 Motivation

Additive Manufacturing (AM) has become a popular advanced manufacturing process for
building 3D objects layer-by-layer [1]. AM was introduced first in the 1980s to aid in the
specialized needs of model-making and rapid prototyping[2, 3]. With the eventual growth of
computer-aided design (CAD) and manufacturing capabilities, AM or 3D printing has seen
tremendous growth in the past decade. Figure 1.1 demonstrates the basic principles involved in the
AM process [4]. The first step in the AM process is to design the object of interest (in this case,
the coffee mug) using CAD. Then the design is sliced digitally into layers in the next step. The
sliced layer information and the dimensions of the object are used to generate the material
deposition paths that will drive the nozzle of the machine in specified paths to manufacture the
desired object. Fabricating objects with overhanging portions (in this case, the handles of the mug)
is made possible by designing support structures that are easy to remove during the post-printing
step. AM provides the ability to manufacture multifunctional parts with complex geometries with
relative ease compared to traditional practices for polymers such as injection molding. With the
potential to decrease the lead manufacturing time and lower the weight of structural components
by optimizing the deposition paths [5], AM has established itself as the leading manufacturing
technique of this generation. Engineering parts of different materials such as plastics, metals, and
ceramics, are currently being manufactured through AM. Because of its capability to produce parts

with complex geometries on demand and/or in limited quantities, AM has been incorporated in all



major technology sectors globally and has found numerous applications in the automotive,
aerospace, and medical industries. According to a recent report on the industry adoption of AM
[6], 47% of manufacturers, 22.1% of automotive manufacturers, 12.5% of product development
manufacturers, and 4.8% of medical manufacturers utilize AM. The use of AM in the aerospace,
education, defense, construction, and electronics industries has also been on the rise. With the
unprecedented growth of AM, failure characterization must be carried out to evaluate the potential

adverse effects that may arise in the service of AM engineering parts.
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Figure 1.1: Demonstration of steps involved in Additive Manufacturing or 3D printing [4].

Based on the principle behind the solidification process, AM can be classified into different
groups such as material extrusion, vat polymerization, directed energy deposition, powder bed
fusion, etc. Fused Filament Fabrication (FFF) or Fused Deposition Modeling (FDM) is one of the

various types of AM material extrusion processes used extensively to print thermoplastics [7].
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Figure 1.2 shows a schematic of the FFF process [8].In FFF, thermoplastics available as
filament/wire stock are melted and deposited via heated nozzles layer-by-layer on a heated bed in
pre-determined computer-generated deposition paths [9]. Due to low melting points,
thermoplastics such as Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene (ABS),
Polyethylene Terephthalate (PET) , Polyamide-12 (PA), and Polyvinyl Alcohol (PVA) are some
of the polymers commonly printed using FFF. However, the printing process introduces artifacts
in the printed parts which affect their mechanical and failure characteristics and hence need to be
investigated when parts are to meet critical functionality. In addition to this, prescribing the print
path of the nozzle (or rastering) potentially introduces anisotropy in terms of weak planes in AM
parts [10]. Hence, the role of print architecture on general mechanical failure and fracture

properties needs to be studied carefully [11].
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One of the popular amorphous thermoplastics used in FFF or FDM is Acrylonitrile Butadiene
Styrene or ABS [12]. Various other thermoplastics, possessing different characteristics such as
biocompatibility and/or compliance, are also used in disparate, sometimes unconventional
applications such as dental and medical field (implants, prosthetics), furniture and fashion industry

(shoes, watches), aviation and automotive field (fuel injection nozzle) [13, 14]. Since polymers



like ABS have found their way into all facets of daily life, it is important to understand the effects
of the printing parameters and architectures before employing ABS parts produced by AM for
everyday use.

Turning to the fracture mechanics aspects emphasized in this dissertation, three modes of
fracture are identified in traditional fracture mechanics (Figure 1.3). They are identified as mode-
I, mode-II, and mode-III fractures. The classification is based on the loading direction relative to
the crack. When the crack flank experiences symmetric normal forces, the resulting fracture is
called Mode-I or the crack opening mode (Figure 1.3(a)). When the crack flank experiences
asymmetric in-plane shear forces, the resulting fracture is called mode-II or the crack sliding mode
(Figure 1.3(b)). When the crack flank experiences out-of-plane shear forces, it results in mode-III
or the crack tearing mode (Figure 1.3(c)). When a combination of forces is acting on the crack
flanks, it is referred to as mixed-mode loading. When a crack is under the influence of normal and
in-plane shear forces, it is often referred to as 2D in-plane mixed-mode loading. Often during the
service of engineering parts, they not only experience normal loading but are also subjected to
shear loading. In general, studying mixed-mode fracture behavior is challenging. The nature of the
architectures formed by the deposition paths in FFF adds complexity to studying and
understanding the mixed-mode fracture behavior of FFF parts. Hence, it is crucial to understand
the mixed-mode fracture behavior of AM ABS in addition to the traditional Mode-I fracture

behavior.
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Figure 1.3: Different modes of fracture: (a) Mode-I, (b) Mode-II, and (c) Mode-III.

For studying and understanding fracture behavior at a fundamental level, implementing full-
field visualization techniques become invaluable. Full-field visualization techniques provide ways
to measure local mechanical quantities of interest such as displacements and strains. These
measured quantities help us in extracting fracture parameters and enable us to fully appreciate the
intricate local failure mechanisms at play. Understanding the need for such full-field
measurements, all the fracture experiments in this work have been carried out with the aid of

Digital Image Correlation (DIC).

1.2 Literature Review

In the following, background literature relevant to the current research is provided. Primarily,
mechanical and fracture properties evaluation of AM ABS parts under quasi-static loading are

reviewed. This is followed by the literature available on the high strain rate fracture studies of AM



ABS. Finally, research works reported on the mixed-mode fracture properties of AM ABS are
presented.

The effects of build direction and raster orientation on mechanical failure were studied in [15]
by performing tension tests. Three different build orientations (horizontal, side, and vertical) and
four different raster orientations (£45°, 0°, 90°, and 0°/90°) were considered. The stress-strain
curves from the tensile experiments are shown in Figure 1.4. Brittle failure was observed for the
0°, 90°, and 0°/90° raster orientations while the +45° raster displayed softening before failure
resulting in the greatest elongation-at-break value due to the effects of shear. Among the build
orientations, horizontal and side build orientations had better responses than vertical build. The
differences between the prints were explained using fractographic analyses to emphasize the
significance of print architecture on mechanical strength. This study proved that the mechanical

response of FFF ABS could be altered with the raster orientations/print architecture.
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Figure 1.4: Tensile stress-strain curves for three different build orientations and four different
raster orientations [15].

The size-dependent anisotropy in terms of flexural moduli and strain distributions in two
unidirectionally printed ABS beams measured using DIC were reported in [16]. Some studies have
focused on enhancing the fracture properties of printed parts by predefining nozzle paths based on
the knowledge of stresses acting on the parts [17]. The fracture toughness was found to increase
in additively printed ABS samples under mixed-mode loading when the deposition path was

guided by the principal stress directions [18]. Some studies have also shown that the infill pattern



and the build direction with respect to the pre-crack affect the failure parameters [19-22].
Currently, woven multi-laminate composites are being additively manufactured and this has
resulted in increased shear strength [23]. With ABS as the copolymer and thermoplastic
polyurethane (TPU) as an additive, a polymer matrix was manufactured using the FFF process and
was found to have enhanced adhesive (bonding strength) properties [24]. The presence of TPU
increased the interlayer adhesion between the printed layers without compromising the yield
strength for contents of TPU up to 20 weight percentages. In terms of fracture properties, layer
orientation, build orientation, and infill percentages were found to be the main factors controlling
the fracture toughness of AM parts produced through the FFF process [25-29]. Single-edge
notched bend testing of FFF ABS was carried out for three build orientations (horizontal, vertical,
and oblique) and their fracture properties were studied [28]. The fracture responses of this study
are shown in Figure 1.5. Vertical build orientation was found to have a brittle response while the
horizontal and the oblique builds had a ductile response along with approximately an order of

magnitude higher energy absorption.
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Figure 1.5: Fracture responses of single-edge notched specimens illustrating the effects of
build orientation [28].

Since polymer-based AM parts are used extensively in day-to-day applications [4] with the
potential of AM to produce critical load-bearing parts, it is important to study the differences in
behaviors of these materials because of factors such as the layer architecture in detail. Although
some previous works [21, 22, 25, 28] have reported on fracture behavior in terms of crack
initiation, most have relied on far-field load or load-point displacement measurements. Some [16,
22] have utilized optical imaging during tests but quantitative local measurements have not been
incorporated to study the crack growth behavior in detail. Thus, no work has been reported on both
the crack initiation and growth behaviors based on local mechanical fields to reveal the intricacies
of the fracture behavior of 3D-printed parts.

The effect of strain rate on the tensile strength of ABS manufactured via FFF was studied in

[30-32] and increased moduli and tensile strengths were observed at higher loading rates. Tensile
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results from [30] are shown in Figure 1.6. Figure 1.6(a) and Figure 1.6(b) show the increase in
elastic modulus and tensile strength with the strain rate. It can also be observed that the filament

with the smaller radii had better mechanical properties.

a b
) 17,00 4 ) 0,55 -
é bty A8s T o050
QL ’ 1
= o e —o—ABS 0.25mm
= 14,00 - » 0,45 4
2 13,00 - = ABS 0.33mm
2 12,00 4 % 0,40 A il ABS+ 0.17Zmm
‘(;)' ; 20 —— ABS+ 0.25mm
o 11,00 - E i :
— —9-—ABS 0.25mm .2
c m B =
S 9004 ABSO:33mm i OO0
8,00 4

0 0,1 0,2 0,3 04 025
Strain Rate (min -1)

0 0.1 0,2 0,3 0,4
Strain Rate (min -1)

Figure 1.6: Effect of strain rate on FFF ABS. (a) and (b) shows the variation of tensile strength
and elastic modulus under different strain rates for FFF ABS filaments of two different radii
[30].

Dynamic shear and fracture behavior of bulk ABS under dynamic loading were studied in
[33] and an increase in yield stress, shear modulus, and stress softening amplitude was observed.
A few other works have studied strain-rate sensitivity of fracture properties of ABS AM parts
under dynamic loading conditions, and variation in crack initiation toughness with respect to raster
orientations was reported [26, 34]. The dynamic crack initiation was calculated to evaluate the
effect of build orientations [26]. Two different build orientations (horizontal and vertical) and two
raster orientations (0/90° and +45°) were considered and their dynamic fracture initiation
toughness values were calculated from strain gages mounted on the long bar in their modified-
Hopkinson apparatus. The results are shown in Figure 1.7. In horizontal build, +45° raster
orientation had higher dynamic initiation toughness compared to the 0/90° orientation. The vertical

build (0°) had better initiation toughness than the horizontal build. This study proved that the effect

of build orientation and raster orientation was evident in the dynamic fracture properties as well.
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With the knowledge that both bulk ABS and FFF ABS exhibit strain-rate dependencies, it is
important to study the fracture behavior at elevated loading rates as well. Considering this, the
high strain rate Mode-I fracture behavior was studied in this work with the help of a highspeed

camera aiding in full-field visualization.
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Figure 1.7: Effect of printing orientation on dynamic fracture initiation toughness [26].

Some studies have been carried out to explore the mixed-mode fracture properties in FFF
polymers. The effect of layer orientation on the 2D mixed-mode fracture behavior was investigated
for FFF polycarbonate specimens using a semi-circular beam (SCB) bending setup [35]. Fracture
properties were obtained using the failure load data and the fracture envelope was plotted. It was
found that the generalized maximum tangential stress (GMTYS) criteria gave a better prediction
than the maximum tangential stress (MTS) criteria for FDM polycarbonate. FFF ABS specimens
with £45° layers were subjected to SCB bending experiments to investigate the role of mode-
mixity and rate of loading [36]. The specimens absorbed higher energies in the dynamic loading

cases compared to the static counterparts in all mixities ranging from pure mode-I to pure mode-
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II. Higher energy absorption was observed in mixed-mode and mode-II loading conditions than in
mode-I conditions. Further fractographic results showed that zig-zag crack growth was minimized
when the loading approached dominant mode-II and when tested under a high rate of loading.
Additionally, there are a few works where mixed-mode fracture tests have been performed on AM
polymers using a modified Arcan fixture [37]. Arcan loading fixtures have been widely used to
perform Mode-I, Mode-II, and mixed-mode (I/II, I/IIl) fracture toughness tests. The Arcan
apparatus was originally developed to produce a uniform state of plane stress in solid specimens,
and they were primarily used for the biaxial testing of materials [38-40]. Mixed-mode fracture
properties of FFF polylactic acid (PLA) with different infill percentages manufactured with +45°
architecture were evaluated using an Arcan loading fixture [41]. Critical SIFs were calculated from
experimentally measured critical/failure loads and correctional factors from finite element
analysis. The results showed that with an increase in infill, the fracture toughness increased at all
mode-mixities. Also, as the mode-mixity increased from mode-I to mode-II, the fracture toughness
increased for each of the infills. The mixed-mode fracture behavior of FFF ABS was studied with
the help of the Arcan fixture to investigate the specimen thickness required to satisfy plane-strain
conditions [42]. SIFs and energy release rate were calculated using finite element correction
factors and it was concluded that a thickness of 10 mm was sufficient to achieve plane-strain
condition. Mixed-mode fracture properties of FFF ABS for different infill patterns (line, hexagon,
triangle, and 3D infill) at 70% infill were studied using a modified Arcan setup [43]. Line infill
pattern was found to have higher initiation toughness at all the different loading angles than its
counterparts owing to the lower density of polygonal elements in other infill patterns. No work has
been performed to directly compute the mode-I and mode-II SIFs based on the local mechanical

fields. Global measurements combined with finite element analysis have been the norm for

13



calculating fracture properties until now. Considering the complex nature of the rastering of layers
and the anisotropy in terms of the fracture plane in FFF ABS, it is important to explore the
extraction of fracture parameters from local measurements.

To emphasize the importance of local measurements obtained from full-field visualization
techniques, the following literature on the mechanical characterization of other AM materials
studied using DIC has been reviewed. The measurement and determination of the mechanical
properties of large-scale additively manufactured (BAAM-Big Area Additive Manufacturing)
polymer test coupons were enhanced by incorporating DIC into tensile experiments [44]. With
AM techniques like BAAM [45, 46], where the bead sizes can be in the order of multiple
millimeters, standard test coupons fail to capture the unique and necessary information about the
bonding between beads/layers. In such cases, DIC becomes a key component to measure
mechanical properties. In the above work, elastic modulus, Poisson’s ratio, and stress-strain curves
were successfully calculated from the DIC data. Further, post-fracture fractographic analysis
agreed well with the propagation behaviors obtained from imaging via DIC. DIC strain fields
obtained prior to fracture are shown in Figure 1.8. The effect of build orientation and raster
orientation on the fracture behavior of AM carbon fiber reinforced polymer was examined with
the help of DIC [47]. Fracture experiments were carried out on compact-tension specimens. The
results of force-displacement curves and the crack opening strain fields for one build orientation
are shown in Figure 1.9. The full-field visualization technique of DIC was successfully

implemented to elucidate the experimentally observed fracture trends.
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Figure 1.8: DIC strain fields at an instant before fracture [44].
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1.3 Research objectives

The literature review indicates that full-field visualization techniques have not been
incorporated into investigating the complete fracture behavior of AM ABS including crack
initiation and propagation. The effect of print architecture or raster orientations is something that
has the potential to alter the nature of mechanical and fracture response. Considering the strain rate
dependence of ABS, the mechanical and fracture properties under high strain rates must be
examined as well. Thus, it is hypothesized here that a tensile and fracture mechanics study on AM
ABS that incorporates full-field visualization methods can better reveal the effects of print
architecture and strain rate. Hence, the objective of this dissertation is to formulate an opto-
mechanical approach coupled with fractography to investigate the role of print architecture and
strain rate on the failure mechanics of additively printed ABS. The specific tasks for achieving the
above objective are as follows:

e Develop a robust hybrid DIC-FE approach to evaluate fracture parameters,

e Perform tensile and mode-I fracture experiments under quasi-static loading conditions aided
by DIC,

e Perform high strain rate mode-I fracture experiments with a modified-Hopkinson pressure bar
setup and implement DIC with the aid of a high-speed camera,

e Develop an Arcan loading fixture capable of testing AM ABS in 2D mixed-mode loading
conditions,

e Perform quasi-static fracture experiments with the Arcan loading fixture coupled with DIC
with different mode-mixities ranging from pure mode-I to pure mode-II,

e Perform fractography to obtain the crack paths and fractured cross-sections of tensile and

fracture specimens,
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e Link macro measurements and micro-scale observations to understand the effects of print

architecture on pure and mixed-mode fracture behaviors.

1.4 Organization of the dissertation

This dissertation is organized into six chapters including the Introduction. In Chapter 2,
information about DIC and the implemented hybrid DIC-FE methodology is explained in detail.
Chapter 3 contains the experimental details and results from uniaxial tension experiments and
quasi-static fracture experiments. Details on ultrasonic measurements and high strain rate fracture
experiments are provided in Chapter 4 along with the discussion of results. Chapter 5 comprises
the mixed-mode (I/I) fracture experiments, information on the Arcan apparatus, and a discussion
of fracture behavior under different mode-mixities. Finally, the major conclusions of this

dissertation and potential future topics are recorded in Chapter 6.
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Chapter 2. Hybrid DIC-FE Approach

In this chapter, Information about the optical method DIC and the hybrid DIC-FE approach
developed in this research are provided. The working principles of DIC and its execution are
detailed first. This is followed by the concerns involved in implementing traditional fracture
parameter extraction calculations for AM polymers. Then, the development of the hybrid DIC-FE

methodology and its advantages are described.

2.1 Digital Image Correlation

Digital Image Correlation is a popular full-field optical metrology technique commonly
used for non-contact, vision-based strain analysis and is widely used to measure surface
deformations[48]. In this work, the 2D-DIC method was used to measure two orthogonal in-plane

displacement components on the specimen surface in the vicinity of a growing crack[49-51].

d 1ﬁnag§:," ¥

Figure 2.1: Speckle images recorded by the camera in undeformed and deformed states.

18



The working principle of 2D-DIC is as follows: A random coat of black and white speckle
pattern is applied to a surface of the specimen and this surface is imaged using a digital camera
before and during deformation. Images recorded during different stages of deformation are
collected along with an image before deformation and are spatially correlated. During the
correlation step, the undeformed (before loading) and the deformed (during/after loading) images
are divided into a specific number of sub-images (made of pixel arrays). Now, each sub-image in
the undeformed state is selected and its corresponding sub-image in the deformed states is located
by precisely matching the grayscale values of the undeformed and deformed sub-images. Once the
deformed sub-image is located, the distance moved by this particular sub-image with respect to
the undeformed image can be calculated. Thus, the in-plane displacement over the whole specimen
surface can be quantified by repeating the sub-image location process for all the sub-images in the
undeformed state. To locate and match the sub-images based on grayscale values, a correlation
coefficient is generally used. The correlation in this work was performed using the ARAMIS®
image analysis software (v6.2.0). ARAMIS® does not share the details of its exact correlation
function because of proprietary reasons and hence, a commonly used correlation function is
explained below[51, 52]:

Figure 2.2 shows a schematic of undeformed and deformed sub-images and the notations
involved in the correlation function. An iterative approach is employed to get the best match of
sub-images from the undeformed and deformed states. This is achieved by minimizing the 2D
cross-correlation coefficient C by using a nonlinear optimization techbnique. The cross-correlation

coefficient C is defined as,

du Oou dv Jv\ _ Yij|F (i y;) - Fl|G(x, ;) - G (2.1)
C(“'”'a'@'a'@) =1- — —
JEUF G ) = P Zl(6 (0, 7) = O
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In the above equation, F (xi, yj) is the pixel intensity or the grayscale value at a point (xi, yj) in
the undeformed image and G(xl-* , y]’-*) is the gray scale value at a point (xl* , y]’-*) in the deformed
image. F and G denote the mean values of the intensity matrices F and G. The points (xi, yj) and
(xl-* , y}‘) are related by the in-plane deformation that occurs between the two images. Provided that

the deformation is in a plane perpendicular to the optical axis of the camera, the relation between

(xl-, y]-) and (xl* , y;‘) can be approximated by a 2D affine transformation,

. 2 p 4 O
x —x+u+axAx+ayAy

y*=y+v+Z—ZAx+Z—;Ay (2.2)

Here, u and v are local translations of the center of the deformed sub-image in the X and Y
directions, respectively. The distances from the center of the sub-image to a generic point (x,y)
are denoted by Ax and Ay. Thus, the correlation coefficient C, which is a function of displacements
and displacement gradients, is minimized by searching for the optimum values of displacements

and their gradients by using algorithms such as the Newton-Raphson method.
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Figure 2.2: Sub-images location in DIC.

In this work, the optical technique of 2D-DIC was implemented in the tensile and fracture
experiments under quasi-static loading conditions to measure the orthogonal in-plane
displacements over the specimen surface using a slow-rate digital camera. A high-speed camera
was used in recording speckle patterns on the specimen surface during high strain rate fracture
experiments as well. DIC parameters for each set of experiments are provided along with the

results section.

2.2 Extraction of fracture parameters

2.2.1 Conventional methodology

In many previous studies on traditional structural materials, the measured displacements
obtained from DIC are used in conjunction with the theoretical asymptotic expressions and over-
deterministic least-squares analyses to determine the crack tip fracture parameters such as Stress

Intensity Factors (SIFs)[49-51, 53-56]. The procedure to obtain SIFs along with the theoretical

21



equations for crack tip displacements is discussed next. The orthogonal in-plane displacements
measured from DIC are combined with both crack opening and crack sliding displacements fields
to extract the required SIFs. The theoretical asymptotic expressions for displacements fields for a

stationary crack are given by [57],

% (2.3)
u(r,0) = Z (K 7 n/2 K cosge - gcos (g — 2) 0 + {g + (—1)"} cos%@}
+Z Kzl;)nr/r;/_;{rcsinge—gsin(g—Z)H+{g—(—1)"}singe},
o (2.4)
v(r,@)=ni01(§2n\/n/_;{lcsmn9+rzlsm(g—2)9 { +(—1)"}sin%9}
+2(K21;) «:/n/_;{ Kcosne—gcos(g—2)0+{——( " }cosge}.

n=1

In the above equations, u(r,8) and v(r,0) are crack opening and crack sliding
displacements, (r,0) are crack tip polar coordinates, k¥ is (3 —v)/(1+ v) for plane stress
conditions, and u and v are shear modulus and Poisson’s ratio. The coefficients (K;),, and (K;;),
of the leading terms (n = 1) are the mode-I and mode-II SIFs. For mode-I problems, K; can be
extracted from u(r, 8) equations as they are the dominant in-plane displacement. However, when
it’s a mixed-mode problem, radial (r(r,8)) and/or tangential (6(r,68)) displacement fields are
used to accurately extract K;and K;; [58]. The radial and tangential displacement fields can be
computed by transforming the u(r,8) and v(r,8) displacement fields as per the following
equation,

(r,0) i (r,0) .
(;(:, 9)) - (—C;)isnee 529@) (Z(: 9)) )
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For extracting the SIFs from displacement data, the crack tip location must be known.

Displacement data in the region around the crack tip were collected within the limits of (0.3 <

§< 1.6) and (—120°< 6 < 120°) where B is the specimen thickness. The collected

displacement data coupled with the theoretical displacement field equations are employed to carry
out an over-deterministic least square analysis [59] for extracting K;and Kj;. In this work, the

computation of SIFs was attempted using the radial displacement field equations.

2.2.2 Limitations of employing displacement fields

The measured fracture parameters are generally sensitive to the number of terms of the
asymptotic displacement field employed, the rigid body motions/rotations suffered by the
specimen during deformation, the domain over which the data is extracted, out-of-plane
displacements due to crack tip triaxiality, etc. The results often are sensitive to the location of the
crack tip in the speckle image and/or the displacement field. To emphasize the shortcomings in
implementing this approach for AM polymers, a speckle image and its corresponding displacement
contours from an AM ABS specimen during crack growth are shown in Figure 2.3 as an example.
It can be seen that the precise identification of the crack tip is not possible because of the jagged
crack front and inelastic deformations around the crack tip from the enlarged speckle image shown.
Identification of the crack tip can only be narrowed down to a small region. To quantify the errors
associated with SIFs because of incorrect crack tip selection, the best crack tip location was chosen
via visual inspection of speckle images and displacement contours for a mode-I fracture
experiment of AM ABS specimen before crack initiation. A set of four different crack tip locations
were chosen subsequently around the apparent crack tip based on the best guess. These five crack
tip locations were supplied as input for the least-squares analyses and the resulting mode-I SIF,

K;, is shown in Figure 2.3. The average error due to the different crack tip locations was ~15%
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when compared to the theoretical closed-form solution (Eq. 3.1) based on LEFM. To highlight the
variance in SIFs from the domain/region over which the data is extracted for the least-square
analysis, Figure 2.4 shows the resulting K; values for three different regions along with the
theoretical values. The three regions chosen are shown in Figure 2.4, where 7 is the radial distance
from the crack tip and B is the specimen thickness. The average error over the data extraction
domains is ~20%. In traditional materials such as epoxies and acrylic, the identification of crack
tip is relatively simpler due to the lack of inelastic deformations around the crack tip and the
absence of texture on the specimen surface. However, the AM architectures create a considerable
challenge for identifying precise crack tip location and data collection domain. The errors caused
by such uncertainties are significant and cannot be overlooked. Hence, there was a need for a newer
approach to extract fracture properties.
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Figure 2.3: Uncertainty of crack tip location on extracted fracture parameters: (a) Speckle
images and (b) displacement contours recorded for AM ABS specimen during crack growth.
(c) SIFs extracted for different crack tip locations.
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Figure 2.4: Effects of data extraction domains on estimated fracture parameters: (a)
Domains/regions over which SIF was utilized, and (b) SIFs extracted for different regions.

2.2.3 Hybrid DIC-FE Approach

In LEFM, the energy release rate is defined as the rate at which the stored energy is
transformed into surface energy as the crack extends. The definition includes plastic and kinetic
energy transformations when material nonlinearity and dynamic fracture events are involved. The
energy release rate can be evaluated using a path-independent integral known as the J-integral.
The path independence of the quantity of interest mitigates some of the concerns involved with
fracture parameters evaluation using the least-squares error minimization analyses.

The 2D-DIC method gives us in-plane displacements over the whole specimen surface.
The displacements can be numerically differentiated to find the strain fields and other deformation
gradients. The numerically obtained derivatives from DIC are often noisy, particularly when
deformations are small. Figure 2.5 and Figure 2.6 shows experimentally measured displacement

and resulting normal strain fields from DIC for a typical quasi-static fracture and high strain rate
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fracture experiment on AM ABS, respectively. As can be observed, the strain fields (Figure 2.5(b)
and Figure 2.6(b)) obtained from displacements via differentiation are very noisy when compared
to the noise level in the displacement component fields (Figure 2.5(a) and Figure 2.6(a)) . The
strain components from DIC prove themselves to be useful in highlighting the nature of strains
and their magnitude from a global perspective. However, to perform local qualitative analysis
along a certain path/location, as is the case in finding the J-integral, the strain data does not offer
much help. Considering these, a simpler method of transferring the two measured orthogonal
displacement data arrays from DIC into a 2D finite element model as surface (boundary) input to

compute the energy release rate is considered.
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T

u- field

v- field

Figure 2.5: Two orthogonal displacement fields from quasi-static fracture experiment, « and v
in the x and y-directions (a) and the corresponding normal strain fields (b) from DIC at a time
instant/load step (load = 1082 N). A higher noise level in the strain field relative to the
displacement fields is evident. (The displacement contour increment in (a) is 50 um.)
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u-displacement

v-displacement

Figure 2.6: Two orthogonal displacement fields from high strain rate fracture experiment, u
and v in the x- and y-directions (a) and the corresponding normal strain fields (b) from DIC at a
time instant/load step.

The deformation gradients needed to calculate fracture parameters namely the path-
independent J-integral[60, 61] can be expressed as,
J = g—%,fr Wéy; — aija—xl n;dC, (i,j = 1,2, x; = X,x, = y)

In the above, W is the strain energy density (= %O‘i i€ij), 0; and u; are the Cartesian components
of the stress (011 = Oy, 012 = Oxy, €tc.) and displacements (u; = u,u, = v), n; are components
of the unit vector normal to the counterclockwise contour path I', §;; is the Kronecker delta and
dC is the arc length along the contour. Being a path independent quantity, the J-integral is often
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evaluated as a line integral. But it can also be expressed as area or surface integrals. The J-integral

for computing the energy release rate using domain (area) integral is defined as,

] = ] —W51i + O-ij_ —dA, (1,] = 1,2)
4 0x,

0x;

In the above equation, A4 is the area of the domain/ribbon of elements encircling the crack tip, q;
is a sufficiently smooth weighting function, and all other parameters are as defined previously.
Furthermore, this approach allows the decomposition of the computed J-integral subsequently into
individual stress intensity factors (K; and Kj7) using mode-partitioning based assumed pure mode
auxiliary fields[62, 63] with known stress intensity factors and invoking small-scale yielding. This
allows additional insight into the fracture modes at play in 3D-printed architectures. Accordingly,
this new approach was adopted in this work.

In DIC, the recorded images in the reference and deformed states are segmented into
subsets/sub-images of gray scales. Subsequently, the displaced location of a subset in the deformed
state is determined relative to its undeformed state using a grayscale correlation algorithm. In
doing so, each displacement data point in the full field is an average value computed over the
corresponding subset at its center. To implement the proposed approach, careful meshing was
carried out in such a way that these displacement locations match the nodal locations in the finite
element model consisting of a square grid of quad elements parallel and perpendicular to the
specimen edges. It should be noted, however, that when the crack followed a kinked path relative
to its initial orientation, the neighborhood of the crack (region adjacent to the flanks) was
discretized along a band using quad elements, and the nodes were inputted with interpolated
displacement boundary conditions from DIC subsets. When there was an increase in length or
change in direction, FE models were updated with the new crack tip location; the new crack

orientation was identified relative to the previous step. It should also be noted that the crack tip
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was modeled simply as a sharp discontinuity since the measured displacements were used as
‘input’ to the FE model to dictate the post-processing of DIC data to find the J-integral and then

SIFs via mode-partitioning approach. Hence, it should be noted that the sharpness of the crack tip

in the model is unimportant; it is only the location and the orientation that matters.
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Figure 2.7: The approach to computing the J-integral and SIFs by transferring DIC data into
FE discretization for domain integration and mode-partitioning. The red dots are the center
of the sub-image and nodes of the FE grid.
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A schematic of the steps followed in this approach is shown in Figure 2.7. Experimentally
measured displacement components from DIC were then imported as nodal ‘boundary conditions’
for the discretized field. The FE model was then run using ABAQUS structural analysis software
(v.16.1) after identifying the current crack tip position and its orientation to evaluate the fracture
parameters using in-built algorithms. Using the computed J-integral, the two stress intensity
factors (SIFs) K; and K;; were calculated via the interaction integral method [63] and small-scale
yielding assumption. The mode partitioning of the J-integral is based on the following approach.

For a linear elastic solid, | = (é) [KTB~1K] where, B is the so-called pre-logarithmic energy

factor matrix [63-66] and K = [K,, K;;]T. For a homogeneous, isotropic material and plane stress
conditions, | = %(K,Z + K7) where, K; and Kj; are pure mode-I and mode-II SIFs. K; and K;; are

calculated from the computed J -integral using the interaction integral method:

1 . (2.8)
/= an [K;B1i K; + 2K;B1; Ki]
For an auxiliary pure mode-I stress field with SIF k;, the J-integral is:
) 1 ) (2.9)
Jaux = glell k;
Superimposing the auxiliary field onto the actual field yields,
. 1 » . (2.10)
Jtor = an [(K; + k)Bi1 (K + k) + 2(K; + k;)Bi; K]
Therefore, the interaction integral is,
k - - 2.11
Jhoe = Jlot =] — Tl = 2 (B} Kt B Kip) @1h)
Repeating the calculations for mode-II, we can arrive at
11 (2.12)

_ gl 1 _ ko -1 -1
int — Jtot _] _]aux - E (321 KI+ BZZ KII)
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where the auxiliary pure mode-II stress field with SIF k;; is superposed onto the actual field. By
solving the above two equations by assigning unit values for the auxiliary SIFs, individual SIFs
K; and K;; can be computed.

The fracture parameters are reported by ABAQUS for different contours. The first contour
corresponds to the ring of elements encircling and embracing the crack tip and the second includes
the first and the second rings, and so on. That is, as the contour number increases, the radial extent
of the domain around the crack tip used for computing the J-integral increases. Since, the
discretization corresponds to the sub-image overlap used while performing DIC (sub-image size =
25%25 pixels and step size = 5 pixels, scale factor (optical magnification) ~ 0.030 mm/pixel), each
additional ring corresponds to the radial increment equal to the sub-image overlap x the scale
factor. Figure 2.8 shows two examples of such plots of the J-integral and the corresponding K; and
K;; values in terms of the contour numbers at crack initiation for the A1 and A2 architectures.
Evidently, the values do not show path independence in the very close vicinity of the crack tip (up
to contour #7 or ~1 mm) due to a combination of out-of-plane displacements due to triaxial effects,
inelastic deformations violating small-scale yielding assumptions, and the finite element size and
shape functions, among others. However, at larger distances of 2.25-7 mm (#/B ratio ~ 0.4-1.2,
where 7 is the radial distance from the crack tip and B is the specimen thickness) away from the
crack tip, the values are rather stable and nearly constant with ~4% variation. These stable values,
averaged over contours 15-45 or 2.25 mm-7 mm (shaded region in Figure 2.8), were recovered as
the J-integral. Subsequently, fracture modes were partitioned to obtain K; and Kj; for that time
instant or load step. In the FE computations, four node bilinear plane stress quadrilateral element

(CPS4R) of size 0.15 mm (scale factor x step size) with two degrees of freedom per node was
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used. It should be noted that this element’s shape and size were preferred to match the DIC grid.
The potential error in the computed J-integral and SIFs due to crack tip location from the speckle
images and the displacement contours was examined. The location of the crack tip was found to
be within 2 pixels. Similar computation of fracture parameters with different crack tip locations to
quantify the error associated with the identification of precise crack tip location was carried out
and the results are shown in Figure 2.9. The resulting variability of the J-Integral and SIFs was

less than 2%. The traditional approach provided an error of ~15%.
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Figure 2.8: Variation of computed J-value and SIFs for AM ABS at an instant during crack
growth.
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Figure 2.9: Variation of computed J-value and SIFs for AM ABS at an instant during crack
growth. Each data set corresponds to five different crack tip locations due to identification
errors. Contour #15-45 corresponding to approx. 2.25-7 mm or #/B ratio of 0.4-1.2 was used to

find the average. The J-value and SIFs varies by < 5% in the shaded part for each location and
< 2% between different locations.
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Chapter 3. Quasi-Static Fracture

In this chapter, information about specimen preparation and details on the three print
architectures studied in this work are detailed. This is followed by the tensile and fracture tests
carried out under quasi-static loading conditions. Experimental details for each of the experiments
are provided first, followed by the results and a discussion of the results. Fractography details are

included as well.

3.1 Specimen preparation

A Cubicon 3DP-110F printer was used to print all specimens studied in this work. The desired
geometry was modeled using Solidworks® and exported to a slicer software as a stereolithographic
(.STL) file. All print settings and modifications were finalized using the slicer software and a G-
code was generated and exported to the printer. Planar architectures namely, [0°]s, [90°]n, [0°/90°]n,
[45°/-45°]n, and [0°/45°/90°/-45°], were printed with identical printer parameters listed in Table 3.1.
It should be noted that [0°/90°], and [45°/-45°], are default architectures in most 3D printers and
the rationale for these architectures from the mechanical performance perspective is mostly
intuitive. Therefore, for starters, the [0°/45°90°/-45°], architecture was chosen beside the [0°/90°],
and [45°/-45°]n to demonstrate that there could be other raster patterns among the infinite number
of possibilities for achieving better mechanical performance. To further analyze the observed
responses for the three print architectures and to know the contribution and behavior of each layer,
unidirectional architectures were designed as reference architectures. The [0°], and [90°]a
architectures were used as reference architectures to explain the mechanical responses observed in

mixed-direction builds namely [0°/90°],, [45°/-45°]n, and [0°/45°/90°/-45°]n. A 100% infill option
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was selected for all architectures to obtain fully dense specimens and to avoid the effects of any

additional porosity other than the one inherent to the printing process itself.

Table 3.1 — 3D printer parameters.

Print parameters Values Print parameters Values
Extruder temperature 240 °C Layer thickness 0.2 mm
Bed temperature 115°C Wall thickness 0.8 mm
Chamber temperature 50°C Infill speed 80 mm/s
Flow 100% Retraction Speed 40 mm/s
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Figure 3.1: Build direction of each layer of print architectures designated A1, A2, and A3. A
serpentine pattern was adopted during the printing of each layer of the architecture. The hatch
marks in each layer correspond to 0°, 45° 90°, -45° directions.
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During printing, the outer wall was deposited first in each layer of the specimen and then
the printer nozzle was moved in directions specific to the above patterns in the x-y plane. A
schematic of the layer buildup (in the z-direction) used for the three architectures is shown in
Figure 3.1. For the two reference architectures namely [0°],, [90°]s, deposition in the x-y plane
was all either parallel or perpendicular to the x-direction within the outer wall and simply repeated
in the z-direction until the desired thickness was reached. Within each layer, the nozzle followed
a serpentine path. In the mixed-direction prints such as [0°/90°], configuration, a repeating two-

layer buildup was adopted. That is, the printer nozzle was moved parallel to the x-axis for the first
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layer and perpendicular to the x-axis for the second layer, and so on. This was repeated in the z-
direction. Similarly, in the [45°/-45°], architecture, the first layer was at 45° to the x-axis and the
second layer was at -45° to the x-axis. In the [0°/45°/90°/-45°], architecture, on the other hand, a
repeating four-layer buildup of a combination of the two preceding architectures was implemented.
That is, the first layer was along 0°, the second was along 45°, the third was along 90° and the
fourth was along -45° to the x-axis. The subsequent layers were repeated thereafter. Henceforth,
for simplicity of description, [0°90°],, [45°-45°]n, and [0°/45°/90°/-45°], architectures will be
identified as Al, A2 and A3, respectively. Although ABS is a nominally isotropic material,
because of the differences in raster orientations, anisotropy in terms of weak planes occurs in the

printed specimens.

3.2 Experimental details

3.2.1 Tensile tests

First, uniaxial tension tests were carried out on all three print architectures A1, A2, and A3,
described earlier. An Instron 4465 mechanical tester fitted with a 5 kN load cell was used to carry
out tests on dog-bone-shaped specimens of 8 mm width and 4 mm thickness in the gage section.
Figure 3.2 shows the dimensions of the specimen used. They were sprayed with fine mists of black
and white paint to create random speckles on one of the surfaces to perform 2D-DIC in the gage
section and measure in-plane deformations. A PointGrey camera (2048%2048 pixels resolution
fitted with an 18-108 mm focal length macro zoom lens) recorded the event at a rate of 2 frames
per second (fps). The region of interest (ROI) captured by the camera is highlighted on the
specimen geometry by the red dotted lines. Figure 3.3 shows a photograph of the tensile testing

setup. The specimen’s surface with the speckle pattern was illuminated by ordinary polychromatic

38



lamps during the experiment. The experiments were performed in displacement control mode at a
crosshead speed of 0.05 mm/s. During each test, time, load, and crosshead displacement data were

all recorded until the specimen failed.
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Figure 3.2: Tension specimen geometry. (All dimensions are in mm)
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Figure 3.3: Tensile testing setup.
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3.2.2 Tension and shear tests on reference architectures

Uniaxial tension and pure shear tests were carried out next on the two reference
architectures with [0°], and [90°], raster orientation. This included separate uniaxial tension tests
on plain [0°], and [90°], architectures, and losipescu shear tests[67] on [0°], samples. Uniaxial
tension specimens’ geometry is the same one as shown in Figure 3.2. Iosipescu shear test specimen
geometry and loading configuration are shown in Figure 3.4. As noted earlier, in these reference
architectures, all the layers over the entire build thickness in the z-direction of the sample were

unidirectional but other specimen details were the same as the ones used for A1, A2, and A3.
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Figure 3.4: Tosipescu shear tests specimen geometry and loading configuration. (A4//
dimensions are in mm)

3.2.3 Fracture tests

Next, fracture tests were carried out under quasi-static loading conditions on all three print
architectures - Al, A2, and A3. Figure 3.5 shows dimensions of edge-notched symmetric three-
point bend specimens. A 9 mm long notch was inserted into the specimen edge using a 0.3 mm
thick circular saw at the mid-span and its root was sharpened by scoring the notch-front with a
razor blade to achieve a sharp starter crack (Figure 3.5). Again, an Instron 4465 mechanical tester

with a 5 kN load cell, equipped with a roller loading pin of diameter 0.5 inch, was used to carry
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out these experiments at a crosshead speed of 0.007 mm/s and time, load, and crosshead
displacement data were all recorded during each test. As in the tension tests, a fine coat of random
speckles was sprayed on one of the surfaces of the specimen to perform DIC and quantify in-plane
displacements. Again, the PointGrey camera was used to record the speckle images at 2 fps during
tests. As in the tension tests, specimens of all three architectures were tested until crack initiation
and significant growth occurred. A summary of the experimental parameters related to 2D-DIC is

listed in Table 3.2. Figure 3.6 shows a photograph of the fracture test setup.
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Figure 3.5: Quasi-static fracture specimen loading and geometry with an inset of the crack tip
sharpened by a razor blade. (41l dimensions are in mm)
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Table 3.2 — DIC parameters associated with the quasi-static fracture experiments

Hardware Parameters

Analysis Parameters
Point Grey
Cameral\l>l/loac111;facturer Grasshopper3 Softw;?znlzzckage Aramis® 6.2.0
Image Resolution G53-U3-41C6M Manufacturer GOM
2048 x 2048
Lens Manufacturer Computar Lens
Model 18 pl 08 mm Image Filtering None
Focal Length )
FOV 60 mm x 60 mm | Suprimage/Subset 25 x 25
Size
Image Scale 33.3 pixel/mm Step Size 5
Stereo-Angle N/A Subset Shape Affine
Function
) Data Processing and
Stand-Off Distance 0.8 m Filtering for QOIs None
. Noise-floor and Bias
Image Acquisition Rate 2 fps of QOIs I pm
Patterning Technique Spray painted
Approx. Feature Size 5 pixels
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Figure 3.6: Quasi-static fracture test setup.
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3.3 Results

3.3.1 Tension tests

The tensile stress-strain responses on two sets of specimens of all three architectures were

measured. Results for one of the two sets are shown in Figure 3.7.
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Figure 3.7: Tensile stress-strain responses of dog-bone specimens of different print
architectures. (The cross marks indicate specimen failure)

Graphs for each specimen type initially showed a linear response, up to approx. 1.5%
engineering strain and overlap on each other. This suggests that despite the differences in print
architectures of Al, A2 and A3, they are all elastically identical. The elastic modulus was
measured in each case using linear regression of data up to 0.1% strain. The spray-painted random

speckles on one of the surfaces were recorded to measure longitudinal and lateral strains in the
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gage section of the specimen using DIC to enable evaluation of the elastic constants £ and v for
each architecture. A pair of representative strain fields from a uniaxial test on Al architecture is
shown in Figure 3.8. The strains from DIC were relatively uniform in the gage section (Figure
3.8(a)). The figure also shows stress vs. axial and transverse strain plots (Figure 3.8(b)) in the
linear range for this architecture. These tension tests were repeatable for all three architectures.
Two test results are shown for each of the architectures in Figure 3.9 and good repeatability is self-

evident.
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Figure 3.8: Uniaxial tension test results from DIC: (a) & and ¢, strain fields of Al
architecture (b) Stress vs. axial and transverse strain plots of A1 architecture used to calculate
elastic modulus and Poisson’s ratio.
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Figure 3.9: Repeatability for tensile stress-strain responses for all three architectures.

The elastic modulus (£) and the Poisson’s ratio (v) were found to be nearly same for all the three
architectures and the differences in £ was less than 4%. In addition to the elastic constants, Table
3.3 lists other parameters from the uniaxial tension experiments. Each of the architectures showed
a peak stress followed by a softening response, either with or without a distinct plateau region
before an abrupt failure. The Al architecture was found to have the lowest failure stress,
peak/ultimate stress and strain at failure. The A2 architecture had a marginally higher (~7%) peak
stress relative to A1 (0°/90° case) whereas there was a substantial increase in the failure strain, by
over 230%. The A3 architecture had a response similar to that of A2 [45/-45° case] in terms of its
peak stress. The failure strain, however, was even higher (by ~17%) relative to the A2 architecture

(or, by 290% relative to A1). The increase in the strain at failure signifies higher ductility observed
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in the A2 and A3 architectures relative to A1. More interestingly, the higher ductility of A3 relative
to A2 was unexpected.

Table 3.3 — Material properties obtained from tensile tests.

Material Property Al A2 A3
Elastic modulus (GPa) 2.07 2.14 2.14
Poisson’s ratio 0.34 0.34 0.34
Failure stress (MPa) 34.1 36.3 36.8
Failure strain % 2.8 9.3 10.9

To understand these differences in stress-strain responses due to print architectures,
particularly in the inelastic regime, images of failed cross-sections from tension tests were
recorded using a Keyance VHX 6000 digital microscope and are shown in Figure 3.10. In the A1
architecture, thinning of individual print layers normal to the loading direction was visible along
with evidence of disbonded layers. The A2 architecture shows relatively denser fracture surface
with large regions of failure in shear, seen as swaths of featureless zones connected by shear steps,
consistent with the higher ductility relative to Al. The A3 architecture shows features in between
those of Al and A2 with partial alignment of the disbonded layers and shear steps with smaller
featureless zones. These differences in features are attributed to higher ductility and toughness of

A2 and A3 architectures.
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Figure 3.10: Optical micrographs of fractured cross-section of tensile specimens. (Blue and
Red bars highlight the relative thinning of individual print lines in A1 relative to A2)

3.3.2 Tension and shear tests on reference architectures

The stress-strain responses for the reference architectures are shown in Figure 3.11 and the
calculated tensile parameters are listed in Table 3.4. Figure 3.11(a) and (b) shows the tensile stress-
strain responses. The results (peak stress ~35 MPa for 0° print and ~40 MPa for the 90° print,
strain-at-failure ~2.4% in both cases) are nearly same as the one for the Al (Figure 3.7)
architecture. The pure shear tests (Figure 3.11(c)) based on losipescu geometry, on the other hand,
show that the ultimate shear stress is ~35 MPa, close to the tensile strength of the unidirectional
coupons. However, the shear strain at failure is ~23%, ten times higher than the tensile failure

strain of the 0° or 9(° prints (and the A1 architecture).
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Figure 3.11: Tensile and shear responses of unidirectionally printed reference coupons. (a)
Stress-strain plots for unidirectional [0°], tensile samples with print architecture. (b) Stress-
strain plots for unidirectional [90°], tensile samples with print architecture. (c) Shear stress-
shear strain plots for [0°], Iosipescu tests with specimen geometry, loading and print
architecture.
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Table 3.4 — Material properties of reference architectures.

Material Property [0°], [90°], Tosipescu Shear
Elastic/Shear modulus (GPa) 2.10 2.15 0.8
Poisson’s ratio 0.34 0.34 0.34
Failure stress (MPa) 34.8 39.8 36.1
Failure strain % 2.2 2.4 22.2

3.3.3 Fracture tests

The load vs. load-point displacement plots for edge-cracked 3-point bend specimens for all

three architectures are shown in Fig. 10(a).

1200

Load, N

T T

0 2 4 6

Load-point Displacement, mm
Figure 3.12: Effect of print architecture on load vs load-point deflection for quasi-static three-
point bend specimens.
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The response for the Al architecture shows a relatively brittle response when compared
to A2 and A3 counterparts. Following a linear increase up to crack initiation occurring at a peak
load, a precipitous drop in load until complete fracture occurred in Al. In the A2 and the A3
architectures, on the other hand, the response was linear up to crack initiation and was significantly
higher (~40%) relative to the A1 architecture. More importantly, a relatively gradual (as opposed
to an abrupt) drop in load occurred during crack growth in A2 and A3 architectures. Furthermore,
the A3 architecture showed visibly wavy load-deflection response during crack growth relative to
A2. To quantify these observations, histograms of energy absorbed (area under the curve) by the
three architectures before and after crack initiation were obtained and are shown in Figure 3.13.
The energy absorbed before crack initiation was approx. 130% higher for the A2 and A3
architectures relative to A1, whereas the energy absorbed during crack propagation was ~800%
higher for the A2 and 1400% higher for the A3 architecture relative to Al. These values are

consistent with the higher ductility of A2 and A3 architectures observed relative to Al.
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Figure 3.13: Work done on each print architecture before and after crack initiation in quasi-

static experiments up to load drop to 200 N.

Figure 3.14 shows photographs of the reassembled fractured specimens to illustrate crack
propagation in all three architectures under quasi-static loading conditions. In the A1 architecture,
the crack propagated self-similarly or along the direction of the pre-crack. On the other hand, the
crack propagated in a staircase pattern, in one of the two 45° directions, in A2 whereas in A3, the
crack growth was locally and incrementally along £45° as well as 0° directions with a substantial
meandering and frequent jumps in between different layers along the crack path. The latter is
consistent with the wavy load-deflection response seen in Figure 3.12. As a result, the overall
macroscopic crack growth direction is noticeably different from the +45° directions observed in
A2. Evidence of crazing (or whitening), though not readily evident from the photographs due to
the white color of ABS material used, was also observed at the crack tip and along the crack flanks

indicating significantly higher crack growth resistance in the A2 and A3 architectures relative to
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Al. The manifestation of shear deformations along the crack path is clearly visible from the

noticeable kink in crack surface striations in A3.

\‘ < >
\\ S mm

Al A2

Figure 3.14: Photographs of observed crack paths in fractured 3-point bend specimens. (The
specimen A3 is flipped by 180° for consistency with A2).

The gray scale photographs of surface speckles (Figure 3.15(a), Figure 3.16(a), and Figure 3.17(a))
recorded by the camera in the deformed state were correlated with the reference images recorded
before the application of load to obtain the displacement component fields in two orthogonal
directions, along (x) and perpendicular (y) to the initial crack orientation. An image analysis
software, ARAMIS®, was used to perform gray scale correlation by segmenting images into 25x25
pixel sub-images with 5 pixels step size. The scale/magnification factor was ~30 um/pixel for these
images. Figure 3.15, Figure 3.16, and Figure 3.17 shows representative contours of two select
orthogonal displacement components namely, u- and v-fields in the x- and y-directions,
respectively, for the three architectures. (It should be noted that the displacement data are
available as rectangular arrays over the ROI and at the center of each sub-image although they
are displayed as contours in these figures after post processing.) In each figure, one pair of

displacement contours along with the respective speckle images, in the ‘before’ and ‘after’ crack
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initiation phases is presented. Away from the crack tip region, the deformations are consistent
with the ones for flexural loading. As expected, the displacement fields near the crack tip vicinity
are symmetric (mode-I) in the A1 architecture before and after crack initiation whereas they show
noticeable asymmetry and mixed-mode (mode-I and -II) characteristics once the crack initiates in
the A2 and A3 architectures. The crack tip was identified using crack opening displacement
contours and the respective speckle images. Then, as discussed earlier, the experimentally
measured displacement field data from DIC for every image was imported into the respective FE
mesh as two orthogonal boundary conditions at the corresponding nodes to compute the strain and
stress fields. Subsequently, the fracture parameters namely the J-integral, K; and K;; were all

outputted by ABAQUS.
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Figure 3.15: Displacement contours of A1, with a contour interval of 20 um, obtained through
DIC (a) Speckle images at a load step and its corresponding (b) x- or u-field, (¢) y-or v-field.
Red solid dots indicate the crack tip location at this time/load step. The top row corresponds to
pre-crack initiation (Load = 500 N) and bottom row corresponds to post-crack initiation (Load
step = 620 N) stages. (The shaded zone in the speckle image corresponds to the region where
the J-integral is computed.)
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Figure 3.16: Displacement contours of A2, with contour interval of 20 um, obtained through
DIC (a) Speckle images at a load step and its corresponding (b) x- or u-field, (c) y-or v-field.
Red solid dots indicate the crack tip at this time step. The top row corresponds to pre-crack
initiation (Load = 530 N) and bottom row corresponds to post-crack initiation (Load = 890 N)
stages.
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Figure 3.17: Displacement contours of A3, with contour interval of 20 um, obtained through
DIC. (a) Speckle images at a load step and its corresponding (b) x- or u-field, (c) y-or v-field.
Red solid dots indicate the current crack tip at each time/load step. The top row corresponds to

pre-crack initiation (Load = 510 N) and bottom row corresponds to post-crack initiation (Load
step =991 N) stages.
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Figure 3.18 shows the crack growth resistance or J-a plots for all the three architectures. It
can be observed from the graphs that the resistance to crack initiation, as expected, was the lowest
for the A1 architecture (1850 N/m) and the same was approx. 55% higher for A2 (2900 N/m) and
35% higher for A3 (2500 N/m) architectures. After crack initiation, the crack growth resistance
for the A1 architecture remained approx. constant or dJ/da ~ 0 whereas the A2 architecture showed
an abrupt drop in resistance (dJ/da < 0 or unstable growth relative to its value at initiation) after
crack initiation before building back resistance and attain dJ/da > 0. The A3 architecture, unlike
the A2 counterpart, after crack initiation showed a steady increase in values or dJ/da > 0 before

plateauing at ~4000 N/m, higher than that for A2 over the same amount of crack growth. The
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maximum values of the J-integral for each of these architectures in the window of observation

were approx. 2250, 4000, 4450 N/m for A1, A2, and A3, respectively.
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Figure 3.18: Crack growth resistance curves for three-point bend specimens under quasi-static
condition.

Figure 3.19 shows the J-integral histories from the 3-point bend specimens. To compare
the fracture behaviors, the time axes for each case are shifted such that t = 0 corresponds to crack
initiation. That is, the negative and positive ¢ values correspond to pre- and post-initiation regimes,
respectively. The repeatability of J vs. ¢ was also ensured across multiple samples and
architectures. Two such examples are shown in Figure 3.20. Observations and characteristics

similar to the ones made for the resistance behaviors (Figure 3.18) can be made again. The
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architecture A1 had a brittle response whereas A2 and A3 were relatively tougher. Again, the A2
architecture showed a noticeable drop in the J-integral immediately after crack initiation whereas
A3 had a steady increase with respect to time. As noted earlier, the J-integral computed from the
proposed hybrid method was partitioned into mode-I and -II SIF histories under small scale
yielding assumptions. The assumption was first verified by evaluating the SIFs using the load vs.

load-point plots (Figure 3.12) in the closed form solution for 3-point bend specimen configuration,

F-S 3aY2[1.99 — a(1 — a){2.15 — 3.93a + 2.7a?}] (.1

K == )
'™ B-ws3/2 2(1 4+ 2a)(1 — )3/2

a
“=yy
where F, S, W, B and a denote applied load, beam span, height, thickness and crack length,
respectively. This is shown for A1, A2 and A3 architectures in Figure 3.19 where the solid symbols
are the ones obtained from the DIC-FE analyses and the open symbols are from Eq. 4. Good

agreement between the two is evident in each case (error percentages for A1, A2 and A3 at crack

initiation are ~3.1%, ~6.2% and ~7.3% respectively).
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Figure 3.19: The J-Integral histories for 3-point bend specimens under static conditions.
Comparison between the hybrid DIC-FE approach and closed form solution based on small
scale yielding for A1, A2 and A3 architectures. (Negative and positive times correspond to
pre- and post-crack initiation regimes.)
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Figure 3.20: Repeatability for J vs. Time plots for the A1 and A2 architectures.

The comparison for A2 and A3 is limited up to crack initiation since the closed form
solution is invalid after crack initiation when it kinks away from its initial path whereas it is valid
for the self-similar crack growth case of Al. This agreement can be further confirmed by the

dominant strain, &,,,, field for the three architectures (Figure 3.21). Given the strain component

corresponding to the peak stress for these materials is ~2%, strains of that magnitude are highly
localized to the crack tip region < 2.5 mm radius beyond which the values drop-off rapidly and

facilitate a successful adaptation of small scale yielding when computing individual SIF values.
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Figure 3.21: Dominant &,,, strain fields for (a) Al (Load = 661 N), (b) A2 (Load = 710 N) and
(c) A3 (Load = 740 N) architectures during crack propagation. Solid dots indicate the crack
tip location at this time/load step.

Figure 3.22 shows individual SIF histories for all the three architectures under quasi-static
loading conditions. Again, the negative and positive ¢ values correspond to pre- and post-initiation
regimes, respectively. As in the load vs load-point displacements plots (Figure 3.12), A2 and A3
architectures had higher crack initiation SIF (or crack initiation toughness) relative to the Al
counterpart. All the three architectures had a monotonic increase in the effective SIF (=m)
until crack initiation (not shown here for brevity). In terms of the mode-I SIF, K;, the A2
architecture had the highest crack initiation toughness of ~2.4 MPa\m followed by ~2.2 MPaVm
for the A3 and ~1.9 MPaVm for the A1 architecture. In case of A1, after crack initiation, K; values
remained constant. The A2 architecture, on the other hand, showed a rapid and significant drop in
the K; values after crack initiation followed by somewhat steady state values, well below that for
Al, in the observation window. The mode-II SIF, K;;, on the other hand, after crack initiation
showed a rapid rise followed by a steady state where the values reached the one at crack initiation.
In the A3 architecture, after crack initiation, a gradual drop in K; was observed followed by a
steady state region, below that for A1 but significantly higher than that for A2, for the rest of the
window of observation. The K;; values again had a rapid increase after crack initiation which

eventually reached a steady state more gradually when compared to that for A2. These suggest that
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a relatively desirable failure of the A3 architecture relative to the other two although the crack

initiation occurred at a slightly lower mode-I SIF when compared to the A2 counterpart.
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Figure 3.22: SIF histories for 3-point bend specimens of A1, A2 and A3 architectures under
quasi-static loading conditions. (Negative and positive times correspond to pre- and post-crack
initiation regimes.)

3.4 Discussion

As evident from the above description of results for the three print architectures Al, A2,
and A3, the tension tests and fracture tests show a few unexpected behaviors. The elastic properties
of all three print architectures measured using quasi-static tension tests on dog-bone specimens or
using ultrasonic measurements, showed nominally identical values suggesting elastic isotropy at

the macroscale. As to be expected, the ultrasonic measurements yielded higher elastic moduli (2.6-
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2.7 GPa) when compared to the quasi-static counterparts (2.05-2.15 GPa). The tension tests
revealed that the print architectures affect the ultimate stress only marginally; the A1 architecture
was found to be the weakest relative to the other two. Print architecture, however, influenced
ductility the most. The strain at failure measurements showed substantial differences; ~2.5% for
A1, ~9% for A2 and unexpectedly higher value of ~11% for A3.

The quasi-static crack initiation toughness (or the critical SIF) values for A1 and A2 were
the lowest (~2.0 MPaVm) and the highest (~2.5 MPaVm), respectively, with an intermediate value
for A3 (~2.3 MPavm). In the quasi-static case, although A2 showed the highest critical SIF, A3
produced a graceful or a gradual failure behavior (dJ/da > 0) with higher resistance to crack growth
in terms of the measured J-integral.

Some insight into unexpectedly higher ductility of A3 relative to A2 and Al could be
gained from uniaxial tension tests on different unidirectional reference architectures. The results
are shown in Figure 3.11. Figure 3.11(a) and (b) shows the tensile stress-strain responses. The
results (peak stress ~35 MPa for 0° print and ~40 MPa for the 90° print, strain-at-failure ~2.4% in
both cases) are nearly same as the one for the A1 (Figure 3.12) architecture. The pure shear tests
(Figure 3.11(c)), on the other hand, show that the ultimate shear stress is ~35 MPa, close to the
tensile strength of the unidirectional coupons. However, the shear strain at failure is ~23%, ten
times higher than the tensile failure strain of the 0° or 90° print (and the A1 architecture). This
suggests that ductility of a printed architecture can be influenced favorably by forcing the failure
to occur in shear instead of tension.

Despite these results, the fact that ductility of A3 is greater than that for A2 suggests
additional mechanisms at play. The synergistic constraint effects of different print directions are

likely contributors in this regard. For example, Jhaver and Tippur [68] observed an increased
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plateau stress during compression of a hybrid co-continuous (interpenetrating) foam material made
of closed-cell polymer foam infiltrated into an aluminum open-cell foam scaffold. Their hybrid
foam showed ~50% higher plateau stress and 35% higher energy absorption per unit mass relative
to the syntactic foam and it was attributed to synergistic constraint effects. The [0/45/90/-45°]a
layering in A3 architecture is expected to perform a similar function. That is, the 90° print layer
mitigates the tensile stress on the 45° and -45° layers accommodating higher shear deformations
to occur.

The tensile tests can also shed light on the observed fracture characteristics of the three
architectures. The low crack initiation toughness followed by growth at a stable J-integral value
for A1l is consistent with the low ductility observed in [0°], and [90°]. coupons (Figure 3.11).
Relatively high crack initiation toughness followed by unstable crack growth along one of the two
45° directions in A2 is also consistent with the higher shear strain at failure in the losipescu sample
as the crack kinks into a 45° plane and endures combined tensile and shear deformations. The back
and forth switching between +45° and -45° planes also suggests the possibility of a jagged, instead
of a straight, crack front and hence smeared deformations relative to A1. These failure mechanisms
are further amplified in the A3 architecture with the crack front having opportunities for £45° as
well as 0° growth along the weaker planes between the individual printed beads/strings and a

macroscale growth in a direction not necessarily along +45°.
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Chapter 4. High Strain Rate Fracture

In this chapter, details pertaining to experiments carried out to evaluate the mechanical and
fracture properties under high strain rate loading are provided. Ultrasonic tests and fracture tests
were performed on the three architectures to evaluate the elastic constants and energy release rate
under high strain rate loading, respectively. The experimental details are provided first, followed
by their results and a discussion of results. Fractographic information on different print

architectures is also included.

4.1 Specimen Preparation

Specimens in all three architectures were printed as per the procedure outlined in section
3.1. The same printer with identical print parameters were used to craft the specimens so that it
aids us in our pursuit of evaluating the strain rate sensitivity of AM ABS. Specimen geometry for

each of the experiments are specified in the corresponding sections below.
4.2 Experimental details

4.2.1 Ultrasonic measurements

Ultrasonic measurements were performed on 12.7 mm ABS cubes printed in A1, A2 and
A3 architectures. An ultrasonic tester, Olympus Epoch 600, was used for launching elastic waves
into the specimen in all three (x, y, z) directions and for all three print architectures. The elastic
wave speeds for both longitudinal (C;) and shear (Cs) waves were recorded along all the three
axes. A schematic of the setup used in these measurements is shown in Figure 4.1. Longitudinal
(2.25 MHz) and shear (5 MHz) wave transducers were employed separately to measure the time-

of-flight using which the respective wave speeds were determined. These values along with
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separately measured mass density (p) used in conjunction with the below equation resulted in
dynamic elastic constants, £ and v, for each print architecture. A photograph of the Olympus Epoch
600 used in recording the elastic waves is shown in Figure 4.2 along with the transducers and the
cube specimen used for measurements. The time-of-flight was recorded using the through
transmission mode, where two transducers were used. One transducer acted as a transmitter
sending the elastic waves into the specimen and the other transducer acted as a receiver on the

other end of the cube specimen.
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Figure 4.1: Ultrasonic test setup
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Figure 4.2: Ultrasonic test setup. (a) Olympus Epoch 600 and (b) transducers being employed

in the through transmission mode.

4.2.2 Fracture tests

Impact induced fracture behavior of all the three print architectures was studied next. A
modified Hopkinson pressure bar (or a long bar) apparatus was used for loading the specimens
using stress waves [69, 70]. An ultrahigh-speed camera was used to perform time-resolved 2D-
DIC measurements around dynamically loaded cracks. Figure 4.3 shows a schematic of the
loading apparatus along with the arrangement for optical recording of speckles during the event.
The long bar made of aluminum 7075-T6 was approx. 1.8 m long (72 inches) and 25.4 mm (1
inch) in diameter and was held in place by a couple of pillow blocks. An aluminum striker rod of
length 317.5 mm (12.5 inches) and diameter 25.4 mm (1 inch) was propelled from the barrel of a
gas-gun to impact the long-bar and generate stress waves. The other end of the long-bar had a
wedge-shaped profile and was in contact with the specimen having a 40° V-notch matching the
loading tip of the long-bar. That is, the V-notch flanks of the specimen were pressed against the

long-bar prior to the start of stress wave loading event. Figure 4.4 shows the dimensions of the
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specimen along with the ROI captured by the camera during the fracture event. The specimen had
a 3 mm long straight notch inserted into the specimen at the apex of the V-notch using a 300 um
thick circular saw and the notch-tip was sharpened using a razor blade as in the quasistatic fracture
experiments. The specimen was placed over a 100 mm long strip of soft putty of ~3 mm thickness
on a translation stage with another identical strip pressed on to the top edge for achieving symmetry
in terms of acoustic impedance relative to the loading axis. A Kirana-05M ultrahigh-speed camera
(924x768 pixels fitted with 70-300 mm focal length lens) was used to record dynamic
deformations at a rate of 200,000 fps. In these experiments, a striker velocity of ~20 m/s was used
for impact loading the specimens. A catcher box padded with thick sheets of foam was used to trap
the failed specimens after impact. The pillow blocks holding the long bar assisted in arresting the
motion of the bar after impact. Figure 4.5 shows a picture of part of the high strain rate test setup

used in this work.
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Figure 4.3: Schematic of experimental setup used for high strain fracture experiments.
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Figure 4.4: Dynamic fracture specimen loading and geometry. (All dimensions are in mm).

Figure 4.5: Modified Hopkinson pressure bar setup.
4.3 Results

4.3.1 Ultrasonic tests

The results obtained from the ultrasonic measurements are listed in Table 4.1. Evidently,
the values of £ are expectedly higher than the ones from uniaxial quasi-static tests due to the higher
strain rates (MHz frequency) imposed by the ultrasonic transducer. More importantly, the values

of these dynamic elastic constants were the same in all the three directions and for all three
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architectures. Thus, the 3D printed architectures were macroscopically isotropic despite the

differences in the underlying print architectures.

Table 4.1 —Ultrasonically measured wave speeds, density, and elastic constants for the

three different print architectures in three orthogonal directions. (Density of bulk ABS based on

manufacturer supplied wire stock was ~1035 Kg/m? and hence porosity based on weight

difference was ~1.18%)).

Longitudinal | Shear Wave Density Poissgn’s Elastic
Print Axis of Wave speed speed Ratio | Modulus
Architecture | Measurement
CL Cs p v E

(m/s) (m/s) (Kg/m®) (GPa)
X 2045 987 0.348 2.66
Al v 2041 986 1022 0.348 2.65
z 2035 983 0.348 2.63
X 2041 984 0.349 2.67
A2 v 2038 986 1022 0.347 2.67
z 2061 988 0.351 2.69
X 2060 988 0.348 2.67
A3 y 2058 987 1022 0.347 2.68
z 2061 985 0.349 2.68

4.3.2 Fracture tests

As described previously, the V-notched specimens were dynamically loaded by impacting
the long-bar and the resulting transient fracture event in the specimen was imaged using an
ultrahigh-speed camera. To accomplish the optical mapping of deformations in the ROI, the
specimens were spray painted with black/white random speckles and were photographed during
the stress wave loading event using a Kirana 05M (924x768 pixels) single sensor camera at a

framing rate of 200,000 fps (or inter frame rate/sampling of 5 ps). The images in the deformed
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state were correlated with the one in the reference/undeformed state recorded before the start of
the impact event. As in the quasi-static counterparts, the speckle image correlation was performed
using ARAMIS® software. During the analysis, as in quasistatic counterparts, each image was
segmented into sub-images of size 25%25 and an overlap of 5 pixels. The scale factor was ~60
um/pixel for all dynamic fracture experiments. Thus, obtained orthogonal displacement fields
were then used in conjunction with the analysis approach described earlier to extract the J-integral.

Figure 4.6, Figure 4.7, and Figure 4.8 show select displacement contours and speckle
images for all the three print architectures Al, A2 and A3, respectively. The speckle images and
displacement components u and v in the x- and y-directions in the pre- and post-initiation states
are shown in Figure 4.6 for A1. The u-fields are symmetric relative to the crack and the (horizontal)
loading axis. The v-contours, on the other hand, are symmetric in shape and antisymmetric in
magnitude relative to the crack. This is consistent with the mode-I deformations in the pre- and
post-initiation regimes in the Al architecture. The region, from which the J-Integral values are

averaged, are highlighted in one of the speckle images in Figure 4.6(a).
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Figure 4.6: Measured displacement contours for Al at two time instants before and after crack
initiation. Contour interval = 10 pm. (a) Speckle images at a particular time step and their
corresponding (b) x- or u-field, and (c) y-or v-field. Red solid dots indicate the crack tip at this
time step.

The u- and v-fields along with the speckle images for the A2 architecture are shown in
Figure 4.7 in both the pre- and post-initiation phases. As in the A1 architecture, the u-contours are
again symmetric whereas the v-contours are symmetric only in shape and antisymmetric in values
relative to the initial crack orientation before initiation suggesting a dominant mode-I deformation.
Once the crack initiates, however, the propagation occurs in one of the two print directions, along
-45° in this case. As a result, the local u- and v-deformation contours are asymmetric relative to

the initial and current crack orientations and hence occurrence of mixed-mode (mode-I and -II)

fracture.
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Figure 4.7: Measured displacement contours for A2 at two time instants before and after crack
initiation. Contour interval = 10 um. (a) Speckle images at a particular time step and their
corresponding (b) x- or u-field, and (c) y-or v-field. Red solid dots indicate the crack tip at this
time step.

The u- and v-contours and the speckle images for A3 are shown in Figure 4.8. As in the A2
architecture, the displacement contours are symmetric in shape prior to crack initiation, consistent
with mode-I deformations. Upon crack initiation, however, growth occurred in this architecture

along +45° as shown. That is, as in the quasi-static counterparts, the crack growth occurred in a

mixed-mode fashion with locally asymmetric deformations.

73



0.5

-0.5
0.5

-0.5
Figure 4.8: Measured displacement contours for A3 at two time instants before and after crack
initiation. Contour interval = 10 pm. (a) Speckle images at a particular time step and their
corresponding (b) x- or u-field, and (c) y-or v-field. Red solid dots indicate the crack tip at this
time step.

However, unlike the quasi-static counterpart in which a zig-zag growth of different
lengths in 0° or £45° resulted in a macroscale growth angle different from the 45°, the crack growth
here occurred in a distinct 45° direction. In this architecture with an equal opportunity for the crack
to propagate in the 0° or £45° direction, the growth consistently occurred in one of the two possible

45° directions. Figure 4.9 shows photographs of fractured specimens of all three architectures

under dynamic conditions.
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Figure 4.9: Dynamic crack paths observed in V-notched specimens.

The crack length histories, obtained by inspecting the speckle images and the location
where displacement contours from DIC converge, are plotted in Figure 4.10. The crack growth
was monotonic in all three print architectures. Also, the rates of crack growth were found to be
low in all architectures. That is, they were in the range of 30-60 m/s during the observation
window. These speeds are quite low (~5%) relative to the shear wave speeds (~980 m/s) (see,
Table 4.1). Hence, it is reasonable to adopt the J-integral evaluation procedures as discussed
earlier even though strictly they are not applicable to stress wave dominant conditions. For
example, if the crack were propagating, say, at 30-40% of the shear wave speed of the material as
it often does in brittle epoxies, acrylics and polyesters subjected to dynamic loading this approach

would not be appropriate.
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Figure 4.10: Crack length histories for V-notched specimens subjected to dynamic loading.
The crack velocities are low and in the 30-60 m/sec range; shear wave speed in this material is
~980 m/sec

Figure 4.11 shows the crack growth resistance curves for the three print architectures under
dynamic loading conditions. Under dynamic conditions J-integral vs. velocity plot is more
appropriate. However, due to very low crack speeds observed, the crack growth resistance as J-
integral vs. crack length is reasonable and inertia effects are accounted for. The crack growth
resistance in terms of the J-integral after crack initiation, at approx. 2300 N/m, shows an unstable
crack growth event relative to the value at crack initiation for Al as dJ/da < 0. This is unlike in
quasi-static counterpart (Figure 3.18). In case of A2, the values of the J-integral drop noticeably

right after crack initiation at ~4000 N/m before building back to a steady state value of 3800 N/m.
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Unstable crack growth event at crack initiation is observed for this architecture. In case of A3,
however, the crack growth resistance in terms of the J-integral initially shows dJ/da > 0 after
initiation at ~3600 N/m followed by increase to a nearly constant value of 4000 N/m later in the
observation window. Given these differences among the three architectures, A3 again stands out
in terms of a graceful crack growth behavior relative to the other two even though A2 had a slightly

higher value at crack initiation.

5000

4000 -
S
>
z
()
2 3000 -
X
(D]
[72]
©
ko)
S 2000 - = Al
o —#— A3
(0]
C
L

1000 -

0 T T T T T
15 2.0 25 3.0 3.5 4.0 4.5

Crack length a, mm

Figure 4.11: Crack growth resistance curves for V-notched specimens under dynamic
conditions

Figure 4.12 shows the histories of the J-integral for all three cases under dynamic loading

conditions. For the purpose of comparing the fracture behaviors, the time axes for each case are
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shifted such that # = 0 corresponds to crack initiation. That is, the negative and positive ¢ values
correspond to pre- and post-initiation regimes, respectively. The resistance to crack growth
continuously dropped after crack initiation (at # = 0) in the print architecture A1 whereas it attained
higher stable values in the A2 and A3 architectures. Other aspects of crack growth behavior align

well with the description provided for Figure 4.11.
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Figure 4.12: The J-Integral histories for edge-notched specimens under dynamic loading
condition. Negative and positive times correspond to pre- and post-crack initiation regimes.

Figure 4.13 shows plots of mode partitioned SIF histories for the three architectures. A
monotonic increase in the K; values was observed until crack initiation for each of the three

architectures. Similar to the quasi-static results, the A2 architecture had the highest crack initiation
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toughness of approx. 2.9 MPavVm followed by 2.7 MPaVm for A3 and then 2.2 MPaVm for Al
architectures. In case of A1, the K; values dropped significantly after crack initiation while the K;;
values remained nearly zero as mode-I failure ensued in this architecture. The A2 architecture
showed a similar drop in the K; values after crack initiation whereas K;; value increased rapidly as
the crack kinked into one of the 45° paths before attaining a steady state. In the A3 case also, after
crack initiation, the K; values dropped while the K;; values increased. Furthermore, the mode-II
SIF histories of A2 and A3 architectures exhibited similar tracks as the crack growth occurred in
the latter along a dominant 45° path. Within the measurement errors, the mode-I SIF histories of
each of the architectures follow a similar path in the post-initiation regime although the architecture

A3 is consistently higher than the A2 counterpart.
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Figure 4.13: SIF histories of edge-notched specimens under dynamic conditions. (Negative
and positive times correspond to pre- and post-crack initiation regimes.)

4.4 Discussion

The elastic properties of all three print architectures under high strain rate testing conditions
did not show notable differences suggesting elastic isotropy at the macroscale. As expected, the
ultrasonic measurements yielded higher elastic moduli (2.6-2.7 GPa) when compared to the quasi-

static counterparts (2.05-2.15 GPa) due to the strain-rate sensitivity of the ABS.
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Table 4.2 — The J-integral values at crack initiation under static and dynamic conditions.

Critical Energy Release Rate Al A2
J_,N/m A3
Quasi-Static 1850 2900 2500
Dynamic 2300 4000 3600

From Table 4.2, A2 had the highest crack initiation toughness under both static and
dynamic conditions whereas A1 was the lowest among the three architectures. In the quasi-static
case, although A2 showed the highest toughness at initiation, A3 had a rather gradual/graceful
failure behavior with increasing resistance to crack growth (dJ/da > 0). Furthermore, the measured
energy release rate was the highest for A3. In the dynamic case, both A2 and A3 architectures
showed a kinked crack growth along one of the 45° planes after crack initiation with A2 presenting
a higher crack initiation toughness relative to A3 whereas A3 showed a stable crack growth leading
to higher values of the J-integral relative to A2.

Under dynamic loading conditions, the failure mechanisms observed in quasi-static
fracture tests did not manifest fully due to temporal constraints. For example, both A2 and A3
architectures produce fracture along a dominant 45° path with a somewhat higher degree of
meandering of the crack in the latter relative to the former (Figure 4.9). Additionally, an unstable
crack growth behavior in terms of the rate of change of the J-integral was rather pronounced in
both A1l and A2 architectures. Furthermore, given equal opportunities for the crack to grow in the
0° or 45° directions, the crack growth in a 45° path confirms lower failure strain in the normal

direction relative to failure strain in shear.
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Chapter 5. Mixed-Mode (I/I) Fracture

In this chapter, mixed-mode fracture behavior of AM ABS under quasi-static loading
conditions is described. An Arcan loading fixture is designed to facilitate mixed-mode loading of
specimens. The DIC methodology was concurrently employed to directly evaluate the SIFs for the
three architectures under different loading configurations ranging from mode-I to dominant mode-
IT condition with the help of hybrid DIC-FE approach. The experimental details are provided first,
followed by results and discussion of the outcome. Fractographic information on different print

architectures is also included to explain the underlying mechanics.

5.1 Specimen preparation

Specimens in all three architectures A1, A2 and A3 were printed as per the procedure outlined
in section 3.1. The same 3D printer with identical print parameters were used to manufacture the
specimens so that the quasi-static fracture results from mode-I three-point bend experiments and
mixed-mode (I/II) Arcan experiments remain comparable. Details of the specimen geometry used

with the Arcan loading fixture are provided in the experimental details section.

5.2 Mixed-mode (I/II) loading fixtures

Over the years, different loading configurations and fixtures have been used for performing
mixed-mode fracture experiments. Some of the common methods include eccentric three-point
bending [71-74], asymmetric four-point bending [75-77], semi-circular beam bending [78-82],
tensile loading on a slant edge cracked specimen [83, 84], Brazilian disk compression test [85, 86],
Arcan loading fixture [38-40, 87-89], etc. Achieving pure mode-II crack tip loading and the
feasibility to optically measure displacements around its vicinity on the specimen surface being
the requirements of most testing protocols, test fixtures such as eccentric three-point bending and
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asymmetric four-point bending are not often practical. For example, to achieve dominant mode-II
loading in eccentric three-point bending and asymmetric four-point bending, the initial crack
location will have to be very close to the support pins causing severe interaction between the crack
tip stresses and stress concentration due to the pin. In the case of tensile specimens with slant edge
cracks, achieving dominant mode-II condition requires that the angle of the crack be very large
relative to the loading direction. This in turn requires the crack tip very close to the free edges of
the specimen. In such cases the crack tip displacements will be affected by the free edges, making
extraction of fracture parameters rather difficult. Also, with the rastering of layers in other three
print architectures, for example the semi-circular beam bending geometry, require reorientation of
rastering relative to the crack orientation, adding to the complexity of the problem on hand. Despite
these difficulties, asymmetric four-point bending and semi-circular beam bending were attempted
during this work to achieve mixed-mode and dominant mode-II loading of the crack. However,
because of significant plastic deformation at the supports during loading, the specimens invariably
slipped away from the supports before the crack could initiate. Thus, experiments failed to fracture
the AM ABS specimen under dominant shear/mode-II loading condition. Subsequently, tensile
loading of a specimen with an inclined edge cracked specimen was attempted and fracture was
achieved under significant mode-II conditions. However, as noted above, the crack had to be
almost parallel to the edge of the specimen to achieve large mode-II contribution. Hence,
considering that AM ABS specimens were able to fracture under tensile configuration, an Arcan
fixture was preferred to load specimens over a wide range of mode-mixities ranging from mode-I

to mode-II.
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5.3 Experimental details

In this section, details on the development of Arcan loading fixture along with the specimen

geometry and the experimental specifics are provided.

5.3.1 Fracture tests

Mixed-mode fracture tests were performed on an Instron 4465 mechanical tester equipped
with a 5 kN load cell and an in-house Arcan loading fixture developed for the task. All fracture
tests were carried out at a crosshead speed of 0.05 mm/s until fracture. Load, crosshead
displacement, and time were all recorded at a rate of 0.1 Hz. The Arcan fixture was originally
developed to create a uniform state of plane stress in solid specimens and the setup was primarily
suited for mixed-mode testing (axial tension or compression + in-plane shear) of materials. To
achieve this, semi-circular Arcan plates that can be attached to the loading frame and the load-cell
(fixed to the crosshead) of the mechanical tester were designed. The geometry of the Arcan plates
developed for the work and the intermediate connector to attach the plates to the load cell are
shown in Figure 5.1(a) and Figure 5.1(b), respectively. The 12.7 mm diameter holes in the plates
were spaced at 15° intervals with respect to the center of the semicircle and the 5 mm diameter
holes were spaced at a vertical distance of 12.7 mm. The semi-circular Arcan plates were
manufactured through waterjet machining from a rectangular plate. A specimen geometry to be
tested with these plates that allows a relatively large region of interest (ROI) to be photographed
to employ DIC was conceived. The dimensions of the Arcan specimen geometry used in this study
are shown in Figure 5.2. The specimens had a crack length to specimen width (a / W) ratio of 0.5.
A fine coat of speckle pattern was applied on one of the specimen surfaces and the speckle pattern
on the specimen surface was captured by a PointGrey camera at 2 fps during tests. The ROI for
performing DIC is highlighted in Figure 5.2. It is worth noting that there are multiple reports on
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Arcan fixtures that provide experimental SIFs estimated from the failure loads combined with
correction factors obtained via complementary finite element analyses are available in the
literature [87, 90-93]. However, none of them allow for photographing the specimen, especially
the region around the crack as the Arcan plates generally obstruct the region around the crack tip
on the specimen required for performing detailed optical measurements. The objective in this study
was to make optical measurements on the specimen surface and extract fracture properties to
understand the details of the mixed-mode fracture behavior. Hence, a new Arcan design which

allows recording the specimen surface and the region around the crack tip was favored.
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Figure 5.1: Dimensions of the (a) semi-circular Arcan plates and (b) the grips to connect them
to the load cell. (41l dimensions are in mm)
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Figure 5.2: Arcan specimen geometry. (All dimensions are in mm)
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To further explain the loading setup, the schematic of the Arcan fixture with the semi-
circular plates and the specimen at a loading angle («) of 45° is shown in Figure 5.3. The two pairs
of Arcan plates, two loading grips and dowel pins were made of 17-4 PH stainless steel, 6061
aluminum, and polished 4140 alloy steel, respectively. The specimen was sandwiched between a
pair of Arcan plates on each end and they were kept in contact with the specimen. Dowel pins were
used to connect the loading grip to the Arcan plates as well. The top loading grip was connected
to the load-cell while the bottom grip was connected to the load frame of the mechanical tester.
The Arcan plate can be fixed to the loading grip at seven different angles, and this provides a range
of mode-mixities at the crack tip. To further show this schematically, the orientation of the
specimen at each of the loading angles is shown in Figure 5.4. The loading angle () was defined
as the angle between the loading axis and normal to the crack tip or the length of the specimen.
Seven different angles (a = 0°, 15°, 30°, 45°, 60°, 75°, and 90°) provide a full range of mode-

mixities starting from pure mode-I (a = 0°) to pure mode-II (a = 90°) loading.
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Figure 5.3: Schematic of the Arcan loading fixture (loading angle («) = 45°). (All dimensions
are in mm)
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Figure 5.4: Orientation of Arcan specimen at seven different loading angles ().

Pictures of the Arcan loading fixture at loading angles («) of 0°, 15°, 30°, 45°, 60°, 75°,
and 90° are shown in Figure 5.5. It can be noticed that the orientation of the specimen’s connection
to the Arcan plates do not change in different loading angles, it is only the Arcan plate’s connection
to the loading grip that determines the mixture of normal and shear force imposed at the crack tip

of the specimen. The entire loading Arcan setup is shown in Figure 5.6.
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Figure 5.5: Arcan loading fixture at loading angles (a) of 0°, 15°, 30°, 45°, 60°, 75°, and 90°.
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Figure 5.6: Arcan loading setulz‘) during optical measurements with a specimen at loading angle
(a) of 45°.

5.3.2 Fractography

A Keyance VHX 6000 digital microscope was used to capture microscopic images of the
fractured cross-sections of the Arcan specimens. Images of the crack path in all three print
architectures under all the seven different mode-mixities were recorded using a digital camera to

find the crack initiation angles and to further address the observed fracture responses.
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5.4 Results

The load vs. load-point displacement curves for the Arcan specimen for the A1 architecture is
shown in Figure 5.7. The loads at which the crack initiated in each case has been highlighted with
an arrow. The Al architecture had a linear response until crack initiation at the peak load when
loading angles () were 0°and 15°. After crack initiation, a brittle failure, as evident by the sudden
drop in load, was observed in both the cases. At « of 30°, an initial linear response was followed
by a nonlinear response prior to the attainment of the peak load, again corresponding to crack
initiation. Once the crack initiated, an abrupt crack growth was observed. At a of 45°, 60°, 75°,
and 90°, significant nonlinearity was observed before the abrupt failure at the peak load. The
nonlinearity followed an initial linear response of load was seen in all the cases. Considering the
peak loads at different loading angles, the peak load increased when « increased from 0° to 30°.
However, the peak loads dropped as a increased from 30° to 75°. The peak load remained almost
the same at @ = 75° and 90° with the response for 90° having a higher load-point displacement at
failure. The load-point displacement at failure increased consistently as a increased from 0° to
90°. Also, as a changed from 0° to 90° (as the nature of loading changed from mode-I to mode-
IT), a drop in the stiffness (initial slope of load vs. deflection response) of the fracture responses

was observed with increase in mode-II loading.
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Figure 5.7: Load vs. load-point displacement curves for the A1 architecture tested at seven
different loading angles («). The arrows correspond to the crack initiation loads.

The load vs. load-point displacement curves for the Arcan specimen for the A2 architecture is
shown in Figure 5.8. At a= 0°, a linear increase in load with load-point displacement was observed
until peak load at which the crack initiated. After crack initiation, a drop in load was observed with
a substantial amount of gradual or slow crack growth. However, unstable crack growth occurred
after initiation once the (a / W) ratio reached ~0.75. At a of 15°, the crack initiated at the peak
load followed by a very small crack growth regime. The observed crack growth was followed by
an abrupt failure seen as a sudden drop in load history. When a was 30°, a linear response was
seen until peak load followed by a brittle failure. At a =45°, 60°, 75°, and 90°, a linear response
was observed initially and was followed by nonlinearity until failure at the corresponding peak

load. Considering the peak loads for the A2 architecture, the peak load increased when a increased
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from 0° to 15°. However, the peak loads began to drop as a increased from 15° to 90°. Both load-
point displacement at failure and the nonlinear portion of the response increased as the loading
angles increased from 45° to 90°. Also, just like the A1 architecture, the stiffness of the fracture

responses decreased for the A2 architecture as the a values changed from 0° to 90°.
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Figure 5.8: Load vs. load-point displacement curves for the A2 architecture tested at seven
different loading angles (a). The arrows correspond to the crack initiation loads.

The load vs. load-point displacement curves for specimens with the print architecture A3 are
shown in Figure 5.9. At a of 0°, a linear response of load was observed until crack initiation which
happened before the peak load. The crack growth was observed with an increase in load and the
load began to drop subsequently. Once the (a / W) reached a ratio of ~0.8, unstable crack growth
occurred. At a of 15° 30°, and 45°, the crack initiated at the peak load and minimal crack

propagation regime was seen in each case followed by an abrupt failure. At @ of 60°, 75°, and 90°,
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a linear response followed by a significant nonlinear regime was observed. An unstable crack
growth occurred at or close to the peak load and with an increase in @ from 60°, 75°, and 90°,
increase in the nonlinear portion and load-point displacement at failure were observed. Also, just
like the A1 and A2 architectures, the stiffness (initial slope of load vs. deflection response) of the
fracture responses decreased and load-point displacement at failure increased for the A3
architecture as the a increased from 0° to 90°. Considering the peak loads for the A3 architecture,
the peak load increased when a changed from 0° to 15°. However, the peak loads dropped as «

increased from 15° to 90°.
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Figure 5.9: Load vs. load-point displacement curves for the A3 architecture tested at seven
different loading angles (a). The arrows correspond to the crack initiation loads.

The load vs. load-point displacement curves for all three architectures for each of the loading
angles (a) are shown individually in Figure 5.10. For a of 0°, A3 architecture had the best
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performance followed by A2 and A1 respectively. An abrupt failure was observed for A1 whereas
a slow crack growth was observed in case of A2 and A3 architectures. Regarding crack growth in
A2 and A3 architectures, increase in load with crack growth was observed only in A3. At a = 15°,
both A2 and A3 architectures had a better load bearing capacity than the Alarchitecture, with A3
having a marginally better post-initiation response than A2. An abrupt fracture was observed for
A1 whereas small crack growth was observed for A2 and A3. At @ =30°, Al and A3 architectures
had a better response than the A2 architecture. Between Al and A3 tested at @ of 30°, Al had a
slightly higher crack initiation load than the A3 architecture. The A1 architecture had a much better
failure response than the A2 and A3 architectures at a = 45°, with A2 and A3 having rather similar
responses. At the a of 60°, A3 architecture had the highest peak load, closely followed by that for
the A1 architecture and A2 had the least favorable response among the three. At higher a of 75°
and 90°, A1 architecture had the best fracture response followed by A3 architecture and then the
A2 architecture. However, Al and A3 had similar peak loads with A1 having a higher load-point
displacement at failure at = 70° while A1 had higher peak load than A3 when a= 90° with similar
displacement at failure. Abrupt fractures were observed for all three architectures at all a from 45°
to 90°. A second set of experiments were performed for all three architectures in seven different

loading angles and the resulting load vs. load-point displacement curves are shown in Figure 5.11.
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Figure 5.10: Load vs. load-point displacement curves for the three architectures at each of the
loading angles («).
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Figure 5.11: Repeatability for load vs. load-point displacement curves for the three
architectures tested at seven different loading angles ().
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The crack paths observed in the three architectures subjected to different loading angles
(a) are photographed. The reassembled fractured specimens are shown in Figure 5.12. Specimens
of A1, A2, and A3 architecture are shown in the first, second, and third columns of Figure 5.12
respectively. A mode-I failure along the 90° layer was noted for the A1 architecture for all seven
loading angles. As observed from the fracture responses for specimens with the A1l architecture,
brittle failure was evident from crack paths with no apparent crazing (whitening of crack flanks)
along the crack edges. The A2 architecture at a a of 0° had a global mode-I failure. However,
jagged crack edges along the -45° and +45° layers combined with crazing was noted. The A2
architecture at ¢ = 15° had a ductile response and it is evident from the observed crack path as
well. The crack initiated along -45° direction and then like the previous loading angle, had a jagged
edge (locally along -45° and +45° layers) and crazing while the crack grew in a curved path
approximately at -25°. The A2 architectures tested at & = 30°, 45°, 60°, 75°, and 90°, all fractured
along a -45° layer. Noting the abrupt drop in load observed after the peak load from fracture
responses when a = 60°, 75°, and 90°, unstable crack growth is evident from the crack paths
considering the clean edges along the crack path. The A3 architecture had a mode-I failure along
the 90° layer at @ = 0°, 15°, 75°, and 90°. The A3 specimens tested at a= 0° and 15° had a hint of
jagged crack edges besides crazing along the crack path, whereas specimens tested at @ = 75° and
90° had clean edges signifying unstable crack growth observed during their failure. The A3
architecture at a= 30° had crack growth occurrence along approx. -35° whereas architectures at
a=45° and 60° had failure along -45°layer. Also, it was noted that a few (a = 45°, 60°, and 90°)

of the A3 architectures shift their crack path during abrupt fracture. The most significant among
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them being the @ = 90° case, where the A3 specimen initially broke along the 90° layer and then

shifted to a -45° layer and alternated back to the 90° layer.

Figure 5.12: Photographs of observed crack path in fractured Arcan specimens. Labels in the
picture correspond to print architecture/loading angle.
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The gray scale photographs of speckle pattern applied on the specimen surface recorded by
the camera in the deformed state were correlated with the reference images recorded before the
application of load to obtain full-field displacements in two orthogonal directions, along (x) and
perpendicular (y) to the initial crack orientation. The correlation was performed with ARAMIS,
an image analysis software. All parameters related to correlation are given in Table 5.1.

Table 5.1 — DIC parameters associated with the mixed-mode fracture experiments.

Hardware Parameters Analysis Parameters
Camera Point Grey Aramis®
Manufacturer Grasshopper3 GS3-U3- Software Package Name 6.2.0
Model 41CoM Manufacturer GOM
Image Resolution 2048 x 2048
Lens Manufacturer Computar Lens
Model P Image Filtering None
18-108 mm
Focal Length
FOV 80 mm x 80 mm Sub-image/Subset Size 20x 20
Image Scale 25 pixel/mm Step Size 10
Stereo-Angle N/A Subset Shape Function Affine
. Data Processing and
Stand-Off Distance 0.6 m Filtering for QOIs None
Image Acquisition Noise-floor and Bias of
Rate 2 fps QOlIs I pm
Patterning Spray painted
Technique prayp
Approx: Feature 5 pixels
Size

Representative displacement contours for all the specimens tested using Arcan fixture at seven
different loading angles are shown in Figure 5.13 to Figure 5.19. Speckle images from the A2

architectures and their corresponding displacement fields in two orthogonal directions at a loading
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angle a = 0° are shown in Figure 5.13. The displacement contours are as expected for a mode-I
crack. That is, the u-field displacement contours are symmetric in shape and magnitude with
respect to the crack orientation whereas the v-field displacement contours are symmetric in shape
but antisymmetric in magnitude. As a increases from 15° to 75° (Figure 5.14 — Figure 5.18),
asymmetry with respect to the crack can be observed to increase in the v-fields. Displacement
contours converging to the crack tip and parallel to the initial crack can be observed in the u-fields.
Also, as the contribution of mode-II loading increases (or as « increases), the displacements in the
u-fields become antisymmetric in magnitude indicating the in-plane shear on the crack. Figure
5.19 shows the displacement contours for both the fields at & = 90°. Symmetric contours in shape
and magnitude can be observed for the v-field whereas contours that are symmetric in shape but

antisymmetric in magnitude are evident in the u-field.

b) ©)
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Figure 5.13: Displacement contours of A2 at a = 0°, with a contour interval of 15 pum,
obtained through DIC (a) Speckle images at a load step (591 N) and its corresponding (b) x- or
u-field, (c) y-or v-field. Red solid dots indicate the crack tip location at this load step.

101



'1;1gur ‘
obtained through DIC (a) Speckle images at a load step (594 N) and its corresponding (b) x- or
u-field, (c) y-or v-field. Red solid dots indicate the crack tip location at this load step.

b) L ‘%
0.5 0.5
0 : 0
-05 -0.5

— al
Figure 5.15: Displacement contours of A2 at & = 30°, with a contour interval of 15 pum,
obtained through DIC (a) Speckle images at a load step (604 N) and its corresponding (b) x- or
u-field, (c) y-or v-field. Red solid dots indicate the crack tip location at this load step.
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Figure 56: Displcemer;t éohtours of A2 at a = 45°, with a contour interval of 15 pum,
obtained through DIC (a) Speckle images at a load step (603 N) and its corresponding (b) x- or
u-field, (c) y-or v-field. Red solid dots indicate the crack tip location at this load step.

mm mm

—
10 mm

Figure 5.:isplabefnent contours of A2 at a = 60°, with a contour interval of 15 pum,
obtained through DIC (a) Speckle images at a load step (601 N) and its corresponding (b) x- or
u-field, (c) y-or v-field. Red solid dots indicate the crack tip location at this load step.
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Figure 5.1 VDrié’placeAment contours of A2 at ¢ = 75°, with a contour interval of 15 um,
obtained through DIC (a) Speckle images at a load step (601 N) and its corresponding (b) x- or
u-field, (c) y-or v-field. Red solid dots indicate the crack tip location at this load step.

mm1
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Flgﬁfe 5.1:‘-Ix)bi.sp‘1acement contours of A2 at a = 90°, with a contour interval of 15 pum,
obtained through DIC (a) Speckle images at a load step (602 N) and its corresponding (b) x- or
u-field, (c) y-or v-field. Red solid dots indicate the crack tip location at this load step.

The experimentally obtained displacements were used as surface boundary conditions in
identical FE models to extract the energy release rate and individual SIFs as detailed in Chapter 2.
The energy release rate and SIFs were extracted from the crack tip region corresponding to /B
ratio of ~0.4-2.4. Representative plots depicting the variation of J and SIFs for the A1 architecture

at crack initiation at three different loading angles (o) is shown in Figure 5.20.
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Figure 5.20: Representative plots showing the path dependence for J-value and SIFs for the A1
architecture at crack initiation for loading angles 0°, 45°, and 90°. The J-value and SIFs varies
by < 5% in the shaded region.
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Before exploring the fracture behaviors, the variation of mode-mixity (V) at crack initiation
against the loading angle (@) is shown in Figure 5.21. Two sets of fracture experiments were
performed and the average mode-mixity (W) values at crack initiation are shown with error bars.

The crack initiation was identified by inspecting the speckle images and displacement contours.

-1 K1

X ) was

Their respective K; and K;; values were extracted and mode-mixity (¥ = tan

calculated from the two SIFs at crack initiation. If ¥ < 45°, the loading corresponds to mode-I
dominant condition and if ¥ > 45°, the loading is said to correspond to mode-II dominant
condition. Hence from the results, it is evident that for @ values of 0°, 15°, 30°, and 45°, the loading
is mode-I dominant and for a values of 60°, 75°, and 90°, the loading is mode-II dominant. The a
= 60° case had a ¥ with equal contributions of mode-I and mode-II. Nearly mode-I and mode-II

conditions was evident when a was 0° and 90° respectively.

106



100

—— A1
—a— A2

Mode-mixity ¥, degrees

O 1 T T T T
0 20 40 60 80 100

Loading angle o, degrees
Figure 5.21: Experimental mode-mixity () for the three architectures at different loading

angles (@).

The mode-mixity obtained in this work was also compared with several other Arcan
fixtures reported in the literature and similar trends were observed. The mode-mixity variation
from five independent research groups with Arcan fixtures of different geometries is compared
with the experimental mode-mixity (W) from this work; the results are shown in Figure 5.22 [90-

94]. Similar trends of increase in mode-mixity with the loading angle can be observed. The
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difference in W at each loading angle between different works is expected as the specimen
geometry and Arcan plate geometry influence the nature of loading applied to the specimen and
they are different in each of these works. Also, regarding the disparity seen in the values of W for
pure mode-I (a=0°) and mode-II (@=90°) conditions, the SIFs in the compared works were
calculated with the help of failure loads and correction factors obtained complementarily from FE
analyses. These correction factors are designed to give the theoretical mixity values of 0° and 90°
for pure mode-I or mode-II loading respectively. The usage of optical measurements to obtain
experimental mode-mixities in this work gives mixity values that are closer to 0° and 90° for pure

mode-I or mode-II loading respectively.
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Figure 5.22: Mode-mixity comparison with other Arcan fixtures available in literature [90-94].

The energy release rate or the J-integral histories for the Al architecture tested at all the
different loading angles («) is shown in Figure 5.23. The crack initiation instant was identified as
t = 0. Hence, the negative and positive timescales correspond to energy release rate values before
and after crack initiation, respectively. The energy release rate value at t = 0 corresponds to the
critical energy release rate. It can be noted that the A1 architecture tested at @ = 0° and 15° had a

monotonic increase in energy release rate until crack initiation followed by an abrupt fracture. The
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specimens tested at & = 30°, 45°, 60°, 75°, and 90° also had a monotonic increase in energy release
rate and was followed by a nonlinear response before crack initiation. The nonlinear regime
increased as a increased from 30° to 90°. The highest critical energy release rate was observed for
a = 30° and the lowest was for a = 0° (mode-I). Considering the crack propagation behavior, the
crack growth was captured only at @ = 30°, where an unstable/rapid crack growth after initiation
was evident. Specimens tested at other loading had abrupt failure or unstable crack growth where
the specimens failed completely before images could be captured at low recording rates of a

PointGrey camera.
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Figure 5.23: J-integral histories for the A1 architecture tested at different loading angles ().
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The energy release rate or the J-integral histories for the A2 architecture tested at all the
different loading angles () is shown in Figure 5.24. Again, the crack initiation instant was
identified as t = 0 and the negative and positive timescales correspond to energy release rate values
before and after crack initiation respectively. A monotonic increase in energy release rate was
observed until crack initiation for specimens tested at & = 0° and 15°. Specimens tested at other
angles had a monotonic increase with a nonlinear response prior to crack initiation. Again, similar
to the A1l architecture, nonlinear response region increased as a from 30° to 90°. Regarding the
critical energy release rate, A2 architecture had the highest value for @ = 15° and the lowest when
a = 0°. The crack growth was captured for specimens tested at &« = 0°, 15°, and 45°. A gradual
drop in the energy release rate was observed with crack growth for @ = 0° whereas an unstable

crack growth was observed for 15° and 45°.

111



A2

7000
i ()°
6000 - 15°
—h— 30°

£
Z 5000
)
2
CCKU 4000
[
)
o
o 3000 -
x
>
o
© 2000 A
c
L

1000 A

O T T T T T T
-300 -250 -200 -150 -100 -50 0 50
Time, s
Figure 5.24: The ERR (J-integral) histories for the A2 architecture tested at different loading
angles ().

The energy release rate or the J-integral histories for the A3 architecture at all the different
loading angles () is shown in Figure 5.25. Similar trends as the A1 and A2 architectures prior to
crack initiation were observed in the A3 architecture as well. A monotonic increase in the energy
release rate was observed for a = 0°, 15°, and 30° whereas specimens tested at a = 45°, 60°, 75°,
and 90° had a monotonic increase with a nonlinear response prior to crack initiation. The highest
critical energy release rate was observed in specimens tested at ¢ = 30° and the lowest critical
energy release rate was when a = 0°. Slow crack propagation was captured for a = 0°, 15°, and

30°. For mode-I loading (@ = 0°), increase in energy release rate was observed with the initial
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crack growth and an eventual gradual drop in values was observed with subsequent crack growth.

For a = 15° and 30°, a gradual drop in the energy release rate was observed with crack growth.
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Figure 5.25: The J-integral histories for the A3 architecture tested at different loading angles
().

The effective SIF (K.ff) can be calculated from individual SIFs (K.rr = m)
which are obtained from the computed J-integral using the interaction integral method outlined in
Chapter 2.2.3. The effective SIF at crack initiation is called the critical effective SIF. To compare
the crack initiation performance across the three architectures for all the different loading angles,
the critical effective SIF was plotted against the loading angle for A1, A2, and A3 architectures

and is shown in Figure 5.26. Two sets of fracture experiments were performed and the average
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values at crack initiation are shown with error bars. To recollect the nature of loading at different
a, a = 0° corresponds to pure mode-I and a@ = 90° corresponds to pure mode-II condition. Angles
a =15° 30°, and 45° correspond to mixed-mode (I/I) loading conditions with dominant mode-I
and a = 60° and 75° corresponds to mixed-mode (I/II) loading with dominant mode-II. Across the
three architectures for all loading angles, the lowest initiation values were found for pure mode-I
loading case (¢ = 0°). Among the architectures for pure mode-I loading (¢ = 0°), A3 had the
highest crack initiation toughness values closely followed by A2 and then A1l to have the least
toughness. All three architectures had higher toughness values at initiation for pure mode-II
loading (¢ = 90°) when compared to pure mode-I conditions. Among the three architectures for
pure mode-II loading (a = 90°), A1 had the highest crack initiation toughness values followed by
A3 and then A2. The crack initiation toughness for A1l architecture increased when a increased
from 0° to 30° with 30° having the highest initiation toughness among all the loading angles. As
a increased from 30° to 90°, initiation toughness values dropped before rising again. The A2
architecture showed an increase in the crack initiation toughness when a increased from 0° to 15°.
The values for A2 however dropped when « increased from 15° to 45°. Again, the toughness
values increased with a from 45° to 75°. The pure mode-II loading (a = 90°) had a lower crack
initiation toughness than at 75° angle. The A2 architecture had its best performance at o = 15°.
The A3 print architecture had a very similar trend as the A2 counterpart with the only difference
being the best performance of A3 was at & = 30°. Among the loading conditions with a mode-II
contribution, @ = 45° configuration had a drop in initiation toughness relative to its neighboring
angles of 30° and 60°. At a = 0°, 15°, 30°, 60° and 75°, the A3 architecture had the highest crack

initiation toughness and at @ = 45° and 90°, the A1 counterpart had the highest. Also, it should be
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noted that all the loading angles (a = 15° to 90°) which had in-plane shear loading resulted in

higher crack initiation toughness when compared to pure tensile loading at a = 0°.
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Figure 5.26: Variation in critical effective SIF with loading angle («) for all three print
architectures.

To understand the crack initiation response of all three print architectures, fracture envelopes
were generated using critical mode-I and -II SIF values and are shown in Figure 5.27. In pure
mode-I (¢ =0°) and loading conditions with considerable mode-II contribution (a =30°, 45°, 60°,
75°, and 90°), the A2 architecture consistently had lower initiation toughness than the A1 and A3
counterparts. The A1 architecture had relatively low values of initiation toughness in mode-I (a =
0°) and dominant mode-I loading conditions (a = 15°). Hence, it is reasonable to conclude that the

overall fracture envelope for A3 architecture is better than A1 and A2. Also, from the J-integral
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histories, it should be noted that the A3 architecture had more loading angles where slow crack
growth was observed, and a stable crack growth was observed for the pure mode-I loading
condition. Based on the fracture envelope and crack growth behavior, it can be stated that the A3

architecture has better overall fracture behavior than the A1 and A2 architectures.
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Figure 5.27: Fracture envelope of critical SIFs for the three architectures.

A second set of experiments were performed and the critical SIFs from those experiments

are plotted in Figure 5.28 to demonstrate repeatability of results. Evidently, the overall fracture
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envelope is similar to the one shown in Figure 5.27 with marginal differences within the

experimental error.
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Figure 5.28: Repeatability of the fracture envelope of critical SIFs for the three architectures.

To explore the fracture mechanisms at play, optical images of the fractured specimen cross-
sections (x-z plane) were captured. The fractured cross-sections for the A1 architectures tested at
select angles of @ = 0°, 45°, and 90° are shown in Figure 5.29. The pre-cut crack/notch is located

at the top of each image. All three fractured cross-sections exhibited unstable/abrupt crack growth.
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However, prior to crack initiation, a significant nonlinear response in both load and energy release
rate histories were observed when a = 45° and 90°. As observed, the plastic deformation at the
crack front caused by the material nonlinearity before crack initiation could be visualized through
the highlighted regions in Figure 5.29. At the crack front, dense featureless regions could be
observed for the 45° (mixed-mode) specimen, whereas clear regions with a distinct disbond
between the layers could be observed for the 0° specimen (highlighted by the ellipse). In the 90°
specimen (pure mode-II), featureless regions observed were tilted along a 45° direction. Also,
thinning of layers was evident in the 0° specimen. This is highlighted by a boxed region in the
figure. A clean boundary between the layers could be observed in case of a = 0° specimen. For «

=45° and 90° cases, the boundary was less sharp than the & = 0° counterpart.
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Figure 5.29: Fractured cross-sections for the A1 architecture specimens tested at a = 0°, 45°,
and 90°. (The x-z plane shown is with respect to the crack tip coordinates)
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The fractured cross-sections for the A2 architecture specimens tested at @ = 0°, 45°, and 90°
are shown in Figure 5.30. At a = 0° the A2 architecture had a linear response until crack initiation
and a gradual drop in energy release rate with crack growth. The specimen tested at @ = 0° had a
clean boundary between the layers ahead of the crack front highlighted by the region enclosed by
the ellipse corresponding to the linear response observed until crack initiation. Once the crack
propagates, denser undulated regions were observed along the crack propagation direction
indicating considerable amount of energy absorbed during crack growth. For the specimen tested
at o = 45° loading angle, dense featureless region was observed ahead the notch front. Also, slow
crack growth was observed for this specimen, and this was evident looking at the bilayer boundary
as the boundary appears to have fused together. For the specimen tested at @ = 90° loading angle,
unstable crack growth was observed with a significant nonlinear energy release rate response
before crack initiation. The denser regions ahead of the crack front are linked to the nonlinearity

and the shiny texture of the -45°/45° layers could be attributed to observed unstable crack growth.
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Figure 5.30: Fractured cross-sections for the A2 architecture specimens tested at a = 0°, 45°,
and 90°. (The x-z plane shown is with respect to the crack tip coordinates)
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The fractured cross-sections for the A3 architecture specimens tested at @ = 0°, 45°, and 90°
are shown in Figure 5.31. Similar to the previous two architectures, denser featureless regions
could be observed ahead of the notch front for the specimens tested at &« = 45° and 90° when
compared to the one tested at 0°. The shear step pattern observed for the specimen at 0° loading
angle could be attributed with the slow and stable crack growth exhibited by this specimen. Flat
fracture surfaces observed for the @ = 45° and 90° specimens correspond to the unstable crack
growth that occurred in those specimens. An interesting phenomenon to be noted is that the shape
of the deformed layers themselves appear to be the same for all three loading angles. In the A3
architecture specimen tested at & = 0°, primarily the 45°/90°/-45° layers support the load applied
to the crack tip. In the specimen tested at @ = 45°, the 90°/-45°/0° layers support the applied load.
Specimen tested at & = 90° again has a similar fracture surface pattern as the one at & = 0° angle.
To further simplify, the deformed four-layer pattern with clear boundaries appears in the same
location in specimens tested @ = 0° and 90° angles whereas a shift can be observed in the 45°

specimen.
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Figure 5.31: Fractured cross-sections for the A3 architecture specimens tested at & = 0°, 45°,
and 90°. (The x-z plane shown is with respect to the crack tip coordinates)
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5.5 Discussion

By comparing the energy release rates of all three architectures under pure mode-I and pure
mode-II loading, it is evident that AM ABS has a better fracture toughness against in-plane shear
loading when compared to pure tensile loading. This was expected and the results of unidirectional
architectures (section 3.3.2) provide an insight as why this behavior is exhibited. The normal
failure stress for the unidirectional architecture was found to be 34.8 MPa whereas the shear failure
stress was 36.1 MPa. On the other hand, the shear strain at failure was ~23 %, ten times higher
than the tensile failure strain of the 0° or 90° unidirectional architectures. For A1 architecture, the
fracture performance improved when the loading angle changed from 0° to 15°. When a =0°, only
one layer in the bilayer architecture aids in energy absorption. At a = 15°, one layer still supports
most of the load; however, the other layer aids in supporting shear load and hence higher energy
absorption. At a = 30°, A1 architecture had its best fracture performance. Again, both layers aid
in energy absorption and contribution of individual layers are better than in the 0° and 15° loading
angles. Now at a = 45°, the expectation for Al is to have its best fracture response but the
contribution of mode-II being significant (1) ~38°) and the weak layer (probable crack propagation
layer) along the global 45° direction, the crack initiates well below the values observed for a =
30° loading angle.

The A2 architecture had its best response at @ = 15°. The layers oriented at global 60° and -
30° directions with the weak layer oriented at -45°/45° forces the crack to initiate and zig-zag along
the two likely weak paths for crack growth. The crack paths in Figure 5.12 shows the crack
initiation along -45° layer and the observed jagged crack path. Among the fracture behaviors

observed in the presence of in-plane shear loading, A2 architecture had its lowest toughness values
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for o = 45°. The weak layer oriented along the global 0°/90° provides a path with less resistance
and hence, the lower values observed seem reasonable.

The A3 architecture had its best fracture performance in terms of crack initiation at a = 30°.
This architecture, being a four-layer architecture, is a unique architecture with different
mechanisms at play when compared to the A1l and A2 architectures. The A3 architecture at a =
0°, 45°, and 90° has three layers resisting crack growth whereas specimens tested at « = 15°, 30°,
60°, and 75° has all four layers aiding in resisting crack initiation and propagation. Also, relative
to the A1 and A2 architectures, a more graceful/slow crack growth was observed for A3 as all four
layers provide a probable crack path which in turn creates a jagged crack front compared to the
two available in A1 and A2 architectures.

Typically, in mixed-mode fracture studies, validation of crack initiation angle based on
theoretical criteria such as maximum tangential stress, strain energy density would be undertaken.
However, considering the anisotropic nature of failure along the weak planes and the associated

complexity, such a comparison is not attempted here.

125



Chapter 6. Conclusions

In this research, the role of print architecture on the fracture behavior of AM ABS is

investigated with the aid of opto-mechanical characterization aided by DIC. Specifically, three

print architectures, A1 or [0°%/90°]n, A2 or [45°-45°]n, and A3 or [0°/45°/90°/-45°],, are studied.

The major outcomes of the work are itemized in the following:

The optical method of 2D-DIC is extended for mapping crack tip deformations in 3D
printed specimens in the whole field before crack initiation and during crack growth. A
method of transferring optically measured displacement fields to companion finite element
models as surface boundary conditions over the whole field for extracting failure
parameters using an in-built domain integral algorithm for the J-integral evaluation is also
conceived and demonstrated. Subsequently, individual SIFs are evaluated by computing
the interaction integrals and adopting the mode-partitioning method using auxiliary fields.
The tensile test results show that the printed parts of all three architectures are
macroscopically isotropic in terms of their elastic properties within experimental errors. A
follow-up ultrasonic evaluation further confirms this elastic isotropy. However, distinctly
different failure stresses, failure strains, and fracture surface morphologies are observed in
these three print architectures during tension tests. The ductility and toughness are higher
for the A2 and A3 architectures when compared to the A1 counterparts. The higher failure
strain is attributable to shear deformations evident from the failed specimen cross-section.
The A3 architecture shows surprisingly higher ductility relative to A2. Synergistic
constraint effects among different layers contribute to such an enhancement.

The quasi-static fracture results show that the fracture toughness of A2 and A3

architectures are higher than the A1 counterpart. The results also demonstrate that ductility
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and energy absorption during crack growth is higher for the above-said architectures. In
addition, different failure modes and crack propagation paths are observed in these cases.
The A2 architecture has the highest crack initiation toughness whereas the A3 counterpart
has a marginally lower value but higher crack growth resistance. The crack growth is
observed to be in a staircase pattern in the A2 architecture along £45° planes whereas the
crack growth is much more tortuous in the A3 counterpart due to crack growth along +45°
as well as 0° planes. The mechanics of these distinctly different failure behaviors are
explained in terms of tension and shear tests performed on tensile and shear specimens
with unidirectional print architectures. The high ductility seen in pure shear tests explains
the failure behaviors seen in the fracture specimens.

The high strain rate results are consistent with the quasi-static counterparts in terms of
crack initiation toughness and crack growth resistance behaviors. That is, the A3
architecture outperforms its A2 and A1l counterparts, respectively, during crack growth.
However, unlike the quasi-static fracture results, the tortuous staircase crack path pattern
is not prominent in the high strain rate counterparts of the A3 architecture due to temporal
limitations for the failure modes to manifest fully.

An Arcan loading fixture that allows for optical measurements to be performed at the crack
tip vicinity is developed for the mixed-mode fracture mechanics study of the three print
architectures. The mixed-mode fracture behaviors of all three architectures are investigated
under quasi-static loading conditions. Load vs. load-point displacement curves are obtained
for the three architectures tested at seven different mode-mixities. The critical values at
crack initiation are identified and fracture envelopes are plotted. The A3 architecture has

the better fracture performance among the three architectures studied. Also, slow crack
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propagation is observed for the A3 architecture in certain mixed-mode loading conditions
for which unstable crack growth is observed for the respective A1 and A2 architectures.

e Fractured cross-sections are optically imaged, and the observed fracture response is
corroborated with the captured microscopic features. Dense featureless regions are
observed along the crack front for mode-II dominated loading conditions which are in line
with the nonlinearity exhibited in the load and energy release rate histories prior to crack
initiation in all three architectures. The fractured layers of A3 architecture behave
uniformly under all loading conditions relative to the A1 and A2 counterparts where two

layers depending upon the global layer direction affect the fracture performance.

6.1 Future work

The effect of mixed-mode loading on the high strain rate fracture behavior of AM ABS is
worth exploring further. The resistance to in-plane shear loading which improved the fracture
toughness of AM ABS under mixed-mode loading may not be able to influence the crack initiation
and subsequent growth due to temporal limitations under high strain rate conditions.

This work has focused on improving the mechanical and fracture properties by designing
different deposition paths. Although the [0°/45°/90°/-45°], architecture had a better overall fracture
profile, there might be many unexplored architectures with potential to have better mechanical and
fracture responses. For example, developing bio-inspired architectures may result in unique
topologies. Previously, manufacturing such architectures was impractical; however, with the
freedom AM provides the user, the ability to manufacture biomimetic structures opens a range of
possibilities. Architectural designs based on insect (cicada, dragonfly) wings, crustacean shells,

and the internal structure of bone have been of interest in optimizing 2D and 3D topologies.
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Material and failure characterization of such topologies may result in structures with improved
performance over traditional structures.

Developing computational models that predict the response of FFF polymers must be a
priority. With all the process parameters and numerous architectures involved with AM, it is
simply not practical to test each possible combination. Tools such as machine learning and
artificial intelligence could be incorporated into the computational models to use the available
experimental results and improve the prediction accuracy for FFF polymers.

Hybrid DIC-FE is a robust method for extracting fracture properties from experimentally
measured displacement fields. It provides unique advantages over the traditional method and can
be successfully implemented to study other material systems, especially materials with an elasto-

plastic behavior.
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Appendix A

A.1 Supplementary plots

To execute as elasto-plastic analysis using the hybrid DIC-FE approach, Abaqus requires
the true stress-strain response of the material. The computed true stress-strain response for the

three architectures is shown in Figure A 1.
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Figure A1l: True stress-strain responses of dog-bone specimens of different print architectures.
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