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Preface

Mechanics of Additive and Advanced Manufacturing represents one of eight volumes of technical papers presented at the 2018
SEM Annual Conference & Exposition on Experimental and Applied Mechanics organized by the Society for Experimental
Mechanics and held in Greenville, SC, June 4–7, 2018. The complete proceedings also includes volumes on Dynamic
Behavior of Materials; Challenges in Mechanics of Time-Dependent Materials; Advancement of Optical Methods & Digital
Image Correlation in Experimental Mechanics; Mechanics of Biological Systems & Micro- and Nanomechanics; Mechanics
of Composite, Hybrid and Multifunctional Materials; Fracture, Fatigue, Failure and Damage Evolution; and Residual Stress,
Thermomechanics & Infrared Imaging, Hybrid Techniques and Inverse Problems.

Mechanics of Additive and Advanced Manufacturing is an emerging area due to the unprecedented design and manufactur-
ing possibilities offered by new and evolving advanced manufacturing processes and the rich mechanics issues that emerge.
Technical interest within the society spans several other SEM technical divisions such as composites, hybrids and
multifunctional materials, dynamic behavior of materials, fracture and fatigue, residual stress, time-dependent materials,
and the research committee.

The topic of mechanics of additive and advanced manufacturing included in this volume covers design, optimization,
experiments, computations, and materials for advanced manufacturing processes (3D printing, micro- and nano-
manufacturing, powder bed fusion, directed energy deposition, etc.) with particular focus on mechanics aspects (e.g.,
mechanical properties, residual stress, deformation, failure, rate-dependent mechanical behavior, etc.).

Albuquerque, NM, USA Sharlotte Kramer
Jennifer L. Jordan

Livermore, CA, USA Helena Jin
Albuquerque, NM, USA Jay Carroll
State College, PA, USA Alison M. Beese
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Chapter 1
Structure/Property Behavior of Additively Manufactured
(AM) Materials: Opportunities and Challenges

George T. (Rusty) Gray III, Veronica Livescu, Cameron Knapp, and Saryu Fensin

Keywords Additive manufacturing · 304 L SS · Microstructure · Mechanical behavior

1.1 Scope

The certification and qualification paradigms required for additively manufactured (AM) metals and alloys must evolve given
the absence of any broadly accepted “ASTM- or DIN-type” AM certification/qualification processes or fixed AM-material
produced specifications. This is in part due to the breath of the evolved microstructures produced across the spectrum of AM
manufacturing technologies including powder bed and directed energy systems. Accordingly, design and microstructure
optimization, manufacture, and thereafter implementation and insertion of AM-produced materials to meet the wide range of
engineering applications requires detailed quantification of the structure/property behavior of AM-materials, across the
spectrum of metallic AM methods, in comparison/contrast to conventionally-manufactured metals and alloys [1–5]. The
scope of this talk is a discussion of some present opportunities and challenges to achieving qualification and certification of
AM produced metals and alloys for engineering applications.

1.2 Opportunities

AM of metallic components, as has been detailed by a number of recent reviews [1, 2, 4, 5], can offer opportunities for
manufacturing components whose design can be topologically optimized into components that can neither be cast nor readily
machined. In addition AM can lead to increased energy efficiency, cost, factory footprint reduction, time savings during
manufacturing, and significant material savings for a number of low-volume-high value applications, plus the potential of
increased yields from starting feed materials to finished components or subassemblies [1, 2, 4, 5].

1.2.1 Alloy Development

AM to date has been principally focused on utilizing either pure metals or existing engineering alloys available in powder or
wire form. Ti-6Al-4 V is a good example of this but so are 2000, 5000, 6000, and 7000-series aluminum alloys. Ti-6Al-4 V is
an alloy developed in the 1950’s for direct cast applications and/or where an initial cast billet is followed by thermomechanical
wrought processing to produce product forms and thereafter machined to produce components with optimized microstructures
to meet strength/ fracture toughness/fatigue requirements, in particular for aerospace/defense applications. The compositions
of many wrought Ti- and Al-based alloys were optimized to achieve the desired microstructures for either the direct cast or as
a prelude to wrought processing following solidification rates typical for cast billets. However, the rapid solidification rates in
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laser-powder-bed AM as one example, often in the 106 �C per second, are either far too fast or the solidification rates in high-
vacuum wire-fed electron beam DED AM processing techniques are far too slow. Alloy development for AM processing
cooling rates (both very fast in laser-powder-bed AM favoring atypical microstructures or very slow in wire directed energy
deposition AM machines favoring large columnar epitaxial growth yielding poor fracture and fatigue properties) and inert
build AM atmospheres enhancing interstitial pick-up affecting properties, each suggest a critical need for funding in alloy
design for AM. An example of this need is addressed in a recent publication where a high-strength aluminum powder was
functionalized to seed grain nucleation by adding nanoparticles of nucleants, to reduce or eliminate gross epitaxial growth by
controlling solidification during AM processing [6].

1.3 Challenges

AM production of metallic components must be bracketed within the scope of the relatively high expense of AM machines,
high feedstock (powder or wire) costs, limited build volumes and dimensions at present, slow deposition/build rates, in
addition to the evolving certification/qualification procedures/requirements for critical applications [1, 5].

1.3.1 Advances in Powder Production: Chemistry and Cost Reduction

While the cost of cast or wrought alloys of widespread structural industrial importance can vary widely, the cost of powder or
wire to support AM production currently ranges from ~2� to ~an order of magnitude more than wrought or cast product at
present for many metallic materials. For example, while wrought 304 L SS is currently $6–10/kg, pedigreed 304 L SS powder
is ~ $85/kg and while wrought Ti-6Al-4 V is ~$40–50/kg, current ELI-grade Ti-6Al-4 V powder is $300/kg. This substantial
cost in the feedstock materials needed for AM, in addition to the substantial financial investments required for AM machine
purchase, let alone the operating costs, significantly restricts the market for AM production. As such AM remains centered
principally on high-value – low volume component manufacturing where AM can offer unique fabrication approaches not
readily available or impossible to produce via direct casting and/or reductive techniques from existing feed stocks. Accord-
ingly, research investment in optimized /high volume and yield/reduced cost powder production technologies is a promising
opportunity that is crucial if AM is to be expanded from its current restriction to low-volume high-value component
manufacturing applications.

1.3.2 AM Technologies Produce a Spectrum of Microstructures

Given the differences in feedstock employed and the melting and solidification rates between laser versus electron-beam and
powder-bed versus DED techniques, it is not surprising that a spectrum of microstructures can be developed by different AM
platforms [1, 2, 4]. An illustration of the spectrum of microstructures and properties produced by laser or electron-beam
powder-bed, directed-energy-deposition (DED) techniques such as laser-directed energy powder fed or electron-beam wire
fed machine AM produced 304 L SS in comparison to wrought is presented in Fig. 1.1.

Electron-backscatter diffraction (EBSD) images of the microstructures from an ASTM-spec. wrought plate of 304 L SS
and the microstructures of identically sized AM-304 L SS plates produced on four different AM machines utilizing identical
304 L SS chemistry powder are given in Fig. 1.1. The microstructures of the wrought versus the 4-AM 304 L SS plates are
seen to be significantly different. While the wrought 304 L SS displays an equiaxed-polycrystalline grain structure, the
microstructures of the four different AM produced 304 L SS display a spectrum of microstructures in terms of both length
scale as well as the degree of morphological anisotropy. With the exception of the ARCAM build, each of the other three AM
builds exhibit anisotropic elongated larger grain structures aligned with the long axis of the grains parallel to the AM build
direction consistent with the solidification direction during the build. Although structure-property data probing many PSPP
relationships is important in qualifying AM products, a major concern remains when comparing AM parts with those made
using traditional metal manufacturing methods, in particular the failure and damage mechanisms that arise from the unique
microstructures produced during AM.

Further, efforts to formulate a rigorous roadmap to the certification and qualification of AM metals and alloys is impeded
by: (1) a lack of systematically quantified processing/structure/properties/performance (PSPP) data covering even a small
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fraction of the AM technologies/machines currently available [1], (2) few published archival research studies adequately
reporting detailed specifics of feedstock pedigree (chemistry, structure, etc) linked to AM properties, (3) intellectual property
concerns [7] limiting documentation/publication of detailed AM machine processing configurations and settings, and
(4) quantified component/build thermal/ time histories, detailed build-orientation-mechanical testing properties, and detailed
microstructure/texture and defect statistics [1–5].
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Fig. 1.1 EBSD images of the microstructures of 304 L SS: wrought and AM builds; In-plane direction produced on four different AM machines
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Chapter 2
Fatigue Characterization of 3D-Printed Maraging Steel by
Infrared Thermography

Corentin Douellou, Xavier Balandraud, and Emmanuel Duc

Abstract Fatigue performances of additively manufactured metals are affected by the high temperature gradients and high
cooling rates occurring during laser beam melting. More generally, mechanical properties strongly depend on the process
parameters (scan speed, laser power, laser spot size, etc.). The present study proposes a calorific analysis of the fatigue
response of 3D-printed maraging steel from thermal measurements obtained by infrared (IR) thermography. Fatigue damage
is indeed associated with heat production leading to material self-heating. Analysis of the thermomechanical response was
performed in two steps: first, measurement of temperature maps on the specimen surface by IR camera; second, calculation of
the calorific origin of the temperature changes by image processing based on the heat diffusion equation. Using specific
thermal data acquisition conditions, the processing enabled us to extract the heat power density corresponding to the
mechanical dissipation caused by fatigue. The study was performed on specimens featuring a specific geometry and printed
with different process parameters. Distinguishing differences in the production of mechanical dissipation at the beginning of
fatigue tests can be useful to determine relevant configurations for long-term fatigue durability.

Keywords Fatigue · Self-heating · Infrared thermography · Laser beam melting · Maraging

2.1 Introduction

3D-printing, also known as “additive manufacturing” for industrial applications, is a quite novel manufacturing technology
born in the 80’s. Laser beam melting (LMB) technologies are of particular interest for cutting-edge industries (aeronautics,
spatial, defense. . .) because it gives the possibility of complex geometry manufacturing of metallic parts. However industrial
requirements in terms of mechanical properties are very severe while there is still a lack of knowledge on the physical
mechanisms of the process. Several metals can be elaborated by LBM. Among them, maraging steels are well known for their
high strength and toughness, and also for their numerous high performance industrial applications. Mechanical properties of
additively manufactured metals are known to be very dependent on the process parameters. Indeed, these parameters influence
the metallic microstructure and the occurrence of pores and residuals stresses. Nowadays, achievable tensile strength and
hardness are comparable or even better than those of conventionally processed materials [1, 2]. Though, ductility and fatigue
performances are strongly affected by the high temperature gradients and high cooling rates occurring during additive
manufacturing process [1, 3, 4]. These general conclusions are also true for maraging steels [5, 6].

Classical fatigue limit estimations (S-N curve determination or staircase) are very time consuming and expensive.
Generally one needs at least ten specimens for a staircase, and thirty specimens for a S-N curve determination. Each of
these specimens is tested with a cyclic loading at constant amplitude until specimen failure. The fatigue limit corresponds to
the amplitude for which a specimen is unlikely to fail at least before 107 cycles. In an industrial context for which testing cost
and time are critical, it is extremely interesting to develop and apply rapid methods of fatigue limit estimation.

Any material produces or absorbs heat when it is submitted to mechanical loading. Thermoelastic couplings are involved in
this phenomenon.Mechanical irreversibility is also accompanied by heat production. In particular, fatigue damage is associated
with heat production leading to material self-heating. Analysis of the mechanical response can be performed by measuring
temperature maps at the specimen surface by infrared (IR) thermography [7–9], and then deducing the calorific origin (heat
sources, in W.m�3) of the temperature changes [10–16]. The present study proposes a calorific analysis of the fatigue of a
3D-printed maraging steel, based on the use of a specific specimen geometry (see Fig. 2.1 and Ref. [17] for details).

C. Douellou · X. Balandraud (*) · E. Duc
Université Clermont Auvergne, CNRS, SIGMA Clermont, Institut Pascal, Clermont-Ferrand, France
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The paper is divided in three sections as follows. The first section provides the general background on the method used for
heat source calculation. The second section provides details on the experimental set-up. Results are provided and discussed in
the third section.

2.2 Methodology for Heat Source Calculation

Due to thermomechanical couplings, any material produces or absorbs heat when it is submitted to a mechanical loading. Heat
sources are the corresponding heat power densities. Thermoelastic couplings lead to heat production or absorption as a
function of the sign of the stress rate, whereas irreversible mechanical phenomena always lead to heat production. For
example, fatigue damage is accompanied by a material self-heating. Based on the heat diffusion equation, heat sources can be
reconstructed from the knowledge of the temperatures, captured for instance by IR thermography at the specimen surface.
When heat sources are spatially homogeneous in the tested specimen, the reconstruction can be performed with a so-called 0D
approach, which consists in using the mean temperature variation of the whole gauge zone (See refs. [13, 17, 18] for details).
The simplified heat Eq. (2.1) provides the relation between the heat source s(t) and the mean temperature change θ(t), where ρ
is the material density (kg.m�3), C the specific heat (J.kg�1.�C�1) and τ a time constant (s) characterizing the global heat
exchanges with the outside of the specimen.

s tð Þ ¼ ρC
dθ tð Þ
dt

þ θ tð Þ
τ

� �
ð2:1Þ

Figure 2.1 presents the geometry of the plane specimen. It can be noticed that two reference elements are added on both
sides of the mechanical tested part. Changes in specimen’s environment during fatigue test can be tracked thanks to these
reference elements: temperature of the jaws of the testing machine, temperature and flow of the ambient air, and more
generally any change of the testing room conditions (machines, persons, walls, etc.).

Mechanical loading consisted of blocks of sinusoidal force-controlled cycles, with increasing amplitudes until specimen
failure. In between each block, a stand-off period with no loading let the specimen return to ambient temperature. Figure 2.2
shows an example of the global temperature variation for one block, followed by the natural return to ambient temperature.
For each loading block, the heat source can be then deduced from the global temperature θ(t) using Eq. (2.1). Mechanical
dissipation due to fatigue damage can be extracted using a specific temperature acquisition frequency. Indeed, the heat
produced by the thermoelastic coupling is null over a mechanical cycle. Considering the temperature change averaged over a
mechanical cycle (or an integer number of cycles) thus directly provides the mechanical dissipation, see ref. [13] for more
details. In practice, the temporal averaging operation can be performed in real time with certain IR cameras.

Fig. 2.1 Specimen geometry featuring two reference elements for the calorific analysis
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2.3 Experimental Set-Up

A Cedip Jade III-MWIR infrared camera was used to capture the temperature changes on the specimen surface. The loading
was performed with a MTS uniaxial machine. Each specimen’s front face was painted in black in order to maximize the
thermal emissivity (set at 0.95), see Fig. 2.3. The specimen environment was also painted in black to limit parasitic reflections.
Tests were performed on a maraging steel. Two types of specimen have been compared:

– Specimen 1: printed with high laser scan speed and large hatching distance in order to increase the machine productivity;
– Specimen 2: printed with a set of process parameters optimizing the material quality.

Fig. 2.2 Global temperature variation for one block of mechanical cycles followed by a return to ambient temperature

Fig. 2.3 3D-printed maraging specimens. The front side of each specimen was painted in black to maximize its thermal emissivity for temperature
measurements during fatigue test

2 Fatigue Characterization of 3D-Printed Maraging Steel by Infrared Thermography 7



The same loading conditions were applied to both specimens: 300-s blocks of sinusoidal cycles with intermediate stand-off
periods of the same duration. Stress amplitude was increased at each block of cycles, keeping the stress ratio and the frequency
constant, until specimen failure. The natural returns to ambient temperature in between the blocks were used to calculate the
value of the time constant τ involved in Eq. (2.1).

2.4 Analysis and Discussion

For both specimens, the mechanical dissipation versus stress amplitude plotting is presented in Fig. 2.4. Let us note first that
specimen 1 broke earlier than specimen 2, respectively in the seventh and sixteenth blocks of cycles. Two regimes can be
evidenced in the calorific response of the materials. For small stress amplitudes, mechanical dissipation increases slightly with
the loading level. This behavior can be explained by grain reorientation [7]. A rapid increase in mechanical dissipation is
observed for higher stress amplitudes. This type of plotting is usually employed in the literature by considering “temperature
changes” (in �C) rather than “mechanical dissipation” (in kW/m3) on the ordinate axis [8, 9]. It can be noted that the former
quantity is not intrinsic to the material’s fatigue response. Indeed, the temperature fields in the specimen depend on the heat
diffusion, as well as on the heat exchange conditions at the boundaries (by contact with the jaws of the testing machine, and by
convection with ambient air). Mechanical dissipation is a calorific quantity which depends only on the irreversible mechanical
phenomena occurring in the material under test.

Similarly to what is done in the literature with temperatures, Fig. 2.4 can be employed to estimate the fatigue limit of the
materials. It is possible to consider the crossing of the two asymptotes associated with the two regimes [8], or the intersection
of the asymptote at the highest stress amplitudes with the abscissa axis [9]. It is interesting to compare the calorific responses
of the two specimens. Fatigue limit of the specimen 2 is about twice higher than the one of specimen 1. It can be also noted that
for a given loading level, mechanical dissipation is much greater for specimen 1 than for specimen 2. This means that the
cyclic loading of specimen 1 is accompanied by much more fatigue damage in the same loading conditions. This last result
was expected because of the differences in the two material elaboration processes. However it is worth noting that the
conclusions were obtained by using one specimen of each type, for a test duration of a few hours.

Fig. 2.4 Mechanical dissipation versus stress amplitude. Each point corresponds to a block of mechanical cycles lasting 300 s. Specimen 1 was
printed with high laser scan speed and large hatching distance to increase the machine productivity. Specimen 2 was printed with a set of process
parameters optimizing the material quality
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2.5 Conclusion

This study shows that IR thermography can be employed to optimize the fatigue performances of maraging steels elaborated
by additive manufacturing. The presentation will develop the reduction of parasitic effects caused by changes in the
specimen’s environment, the choice of relevant thermal acquisition parameters for mechanical dissipation calculation, and
the signal processing. The impact of the process conditions on the fatigue performances will be discussed in terms of
mechanical dissipation produced by the tested material. The use of this methodology for the manufacturing condition
optimization is a prospect of the study. The methodology is indeed relevant to rapidly compare the fatigue performances of
various elaboration parameters, which is particularly important for additive manufacturing where a constant compromise
between productivity and mechanical performances has to be found.

Acknowledgements The authors gratefully acknowledge the Région Auvergne Rhône Alpes (Ressourcement en fabrication additive) for their
financial aid, and the company AddUp, Cébazat, France, for their support during this research.
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Chapter 3
Quasi-Static and Dynamic Fracture Behaviors of Additively
Printed ABS Coupons Studied Using DIC: Role of Build
Architecture and Loading Rate

John P. Isaac and Hareesh V. Tippur

Abstract This work deals with quasi-static and dynamic fracture behaviors of Additively Manufactured (AM) ABS coupons.
In this research, planar specimens have been additively printed using a heated circular nozzle producing a continuous bead of
0.2 mm diameter and 0.2 mm layer thickness in the build directions. Of specific interest to this work is the role of two different
print architectures namely 0/90� and � 45� in-plane orientations. The local measurement of in-plane displacements are
performed optically using DIC up to crack initiation and during growth in quasi-statically loaded 3-point bend specimens and
impact loaded edge-notched specimens. The latter set of experiments are carried out using an instrumented Hopkinson
pressure bar and an ultrahigh-speed digital camera. Significant differences in the engineering parameters and failure modes as
a result of the build variables and loading rates are observed.

Keywords Digital image correlation · Additive manufacturing · Dynamic fracture · Stress intensity factors · Crack initiation

3.1 Introduction

Additive Manufacturing (AM) involves building a 3D solid layer-by-layer from a virtual model [1]. AM has restructured the
industrial production process as complex geometries which are difficult to fabricate using conventional subtractive methods
can be made more easily, efficiently and cost-effectively. The printing process, however, introduces artifacts which affect the
mechanical behavior of the parts and hence need to be well understood. Currently there are different AM methods being used
for various applications, the most popular one for thermoplastics being fused filament fabrication or FFF. In FFF, the molten
polymer emerging out of a heated nozzle is laid down layer-by-layer in a predetermined computer-generated path on a heated
platform. The option of prescribing the deposition path to build the object introduces anisotropy in terms of weak failure
planes/paths. Though ABS - a common AM relevant polymer - is isotropic, the different paths traced by the deposition nozzle
during AM produce macroscale orthotropic fracture characteristics resulting in mechanical and failure behavior differences.

In this work, 0/90� and � 45� configurations were used to evaluate the tensile and fracture properties of additively
produced ABS specimens. The optical method of Digital Image Correlation (DIC) was used to measure the local in-plane
displacements in the whole field. As a vision-based optical technique, the DIC method has been widely accepted and
commonly used as it is a powerful and flexible experimental mechanics tool for surface deformation measurement [2]. The
undeformed and deformed images, recorded before and after the application of load, are correlated to find displacements in the
entire region-of-interest. The measured displacements can be used in conjunction with the theoretical expressions and over-
deterministic least-squares analyses to find the engineering parameters of interest [3]. In this work, tensile tests have been
performed on dog-bone specimens to find quasi-static elastic constants and ultrasonic measurements to find the dynamic
counterparts. Also, the crack tip Stress Intensity Factors (SIFs) have been calculated for quasi-statically loaded three-point
bend specimens and impact loaded edge-notched specimens. The dynamic counterparts are currently being investigated.
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3.2 Specimen Preparation

All AM specimens were made using a Cubicon 3DP-110F printer. The desired geometry of the specimen was created using
Solidworks™ and saved as stereolithographic (STL) file. This STL file was then opened using Cubicreator, propriety slicer
software available for the printer. Using this software, the necessary modifications with all the print settings were completed
and the Gcode was exported to the printer. All the printing parameters except the direction of the build were same for both the
configurations. These printing parameters are listed in Table 3.1. Also the infill rate was given as 100% in all the prints in order
to avoid the effect of any additional porosity. The ABS required for printing was commercially purchased.

The two configurations used in this work are 0/90� and� 45� in-plane orientations. In the 0/90� specimens, once the outer
wall was built, the nozzle moved parallel to the x-axis (0�) applying the molten ABS along the prescribed path until the entire
layer was built. Now moving onto the next layer, the nozzle moved perpendicular to the y-axis (90�) and the molten ABS was
laid down accordingly. This process was repeated until the entire specimen was complete. Similarly, in the architecture of
�45� specimens, while building the first layer, the nozzle moved at an angle of +45� with the x-axis and then moved at �45�

with the x-axis for the second layer, and so on.

3.3 Ultrasonic Measurements

Elastic constants measured under dynamic conditions are appropriate when evaluating the SIFs from displacement field
equations for impact loading conditions. Olympus model Epoch 600 ultrasonic tester was used to find these constants. A
12.7 mm cube specimen was printed in both the 0/90� and � 45� configurations. Since the elastic constants could vary in any
of the thickness-wise directions, specimens were examined along all the three axes-of-rotation. The various values calculated
are listed in the Table 3.2. Time-of-flight for longitudinal and shear waves to travel the thickness in each particular direction
was measured using longitudinal and shear transducers, respectively. The equations used to calculate the dynamic Poisson’s
ratios and elastic moduli are given below:

CL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E 1� νð Þ
ρ 1þ νð Þ 1� 2νð Þ

s

,CS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E

2ρ 1þ νð Þ

s

ð3:1Þ

Based on the measured data, the variation in the elastic properties are negligible in either of the print architectures which in
turn indicates that the printed material can be treated as elastically isotropic solid.

Table 3.1 AM parameters used to print ABS specimens

Printing parameters Values Printing 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

Table 3.2 Ultrasonic measurements

Print
architecture

Axis of
measurement

Longitudinal velocity
(m/s)

Shear velocity
(m/s)

Density
(Kg/m3)

Poisson’s
ratio

Elastic modulus
(GPa)

�45� X 2041 984 1020 0.349 2.67

�45� Y 2038 986 1020 0.347 2.67

�45� Z 2061 988 1020 0.351 2.69

0/90� X 2045 987 1010 0.348 2.66

0/90� Y 2041 986 1010 0.348 2.65

0/90� Z 2035 983 1010 0.348 2.63
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3.4 Experimental Setup

3.4.1 Quasi-Static Tension & Fracture Tests

Dog-bone specimens of thickness 4 mm were printed for both 0/90� and � 45� configurations according to the ASTM D638-
14 standard. A fine coat of random speckles was sprayed on one of the surfaces of the specimen to measure deformations using
DIC. Instron 4465 mechanical tester fitted with a 5 kN load-cell was used for these tensile tests at a crosshead speed of
0.05 mm/s. Load, displacement and strain data were all collected at 0.1 s intervals. A Pointgrey digital camera captured the
speckle images once every 2 s. By correlating the images in the deformed state with the one in the reference state, two
orthogonal in-plane displacement fields were obtained at each time instant or load-step. The specimens of both architectures
were tested until fracture to get the entire stress-strain response.

Figure 3.1 shows dimensions of the three-point bend specimen used for quasi-static fracture tests. In this specimen, a crack
of 6 mm was inserted using a diamond impregnated circular saw and the crack was sharpened prior to the test using a sharp
razor blade. Instron 4465 machine was used to perform the quasi-static fracture experiments at a crosshead speed of
0.007 mm/s using a 5 kN load cell. Load and displacement data were collected every 0.1 s intervals. As in the tensile tests,
speckles were coated on one of the surfaces of the specimen to perform displacement measurements using DIC. A Pointgrey
camera (max. resolution 2048 � 2048 pixels) was used to record images once every second. Specimens were printed in both
the printing configurations and tested until fracture. The undeformed and deformed images until crack initiation was
correlated to find the crack initiation SIFs.

3.4.2 Dynamic Fracture Tests

Figure 3.2 shows the geometry of the V-notched specimens. A crack of length 3 mmwas inserted into the specimen at the base
of the V-notch tip and then sharpened by a razor blade. Ultrahigh speed digital photography was employed to record random
speckles sprayed on to the specimen surface and perform DIC subsequently to study deformations during fracture of the two

152.4

25.4
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6

Fig. 3.1 Three-point bend quasi-static fracture test specimen (all dimensions are in mm)

76.2

101.6

19.05

40º

4

3

Fig. 3.2 Dynamic fracture
specimen (all dimensions
are in mm)
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AM specimen architectures. A Hopkinson pressure bar (long-bar) was used for loading the notched specimen. The length of
the long-bar was 1.83 m and diameter was 25.4 mm. One end of the long-bar had a smooth surface with which the striker rod
made contact when propelled from the barrel of a gas-gun. The other end of the long-bar was shaped as a wedge to be inserted
into the V-notch in the specimen. The striker rod was of length 305 mm and diameter 25.4 mm and it was held in the barrel of a
gas-gun aligned co-axially with the long-bar. When the gas chamber was depressurized suddenly, the striker rod moved at a
high velocity and made contact with the flat end of the long-bar which in turn delivered the impact to the specimen. Both
the long-bar and striker rod used were made of AL 7075-T6 to avoid any impedance mismatch. The striker velocity of
20 � 0.5 m/s was used in all the tests performed.

3.5 Results

3.5.1 Tensile Tests

The stress-strain response for the two print architectures of the same geometry were studied. The resulting data is summarized
in Table 3.3. Evidently, there was a significant increase in the load (~60%) at which failure occurred for the �45� specimen
relative to the 0/90� counterpart. The corresponding specimen extension and failure strain is also higher (~32%) for the �45�

suggesting a higher ductility and toughness. Table 3.3 also shows the values of the elastic and failure properties relative to the
ones found in the literature for cast ABS. Figure 3.3 shows the optical micrographs of the fractured surfaces for the two
architectures. The micrographs (x-z plane) show striking differences responsible for the macroscale property variations listed
in Table 3.3. Evidently, the 0/90� architecture shows substantial porosity aligned in one of the directions and shows significant
thinning of the layers during the failure process leaving behind well-aligned and continuous gaps between the disbonded
layers responsible for the lower failure stress and strains. Comparatively, the�45� architecture also shows significant porosity
but with a staggered alignment of pores. The micrographs also show higher tortuosity and stepped/staircase pattern on the

Table 3.3 Material properties obtained from tension tests

Material property 0/90� specimen �45� specimen Cast

Elastic modulus (GPa) 2.16 � 0.20 2.34 � 0.20 2.25a

Poisson’s ratio 0.34 � 0.10 0.34 � 0.15 –

Failure load (N) 1550 2484 –

Failure stress (MPa) 23.4 37.4 42.5

Failure strain % 1.38 1.82 24
aFlexural modulus

Fig. 3.3 Fractured tensile specimen cross-sections. (a) 0/90� specimen, (b) �45� specimen. The periodicity in the 0/90� specimen corresponds to
0.2 mm bead diameter. Evidence of porosity and the fracture surface tortuosity in the microstructure are also evident

14 J. P. Isaac and H. V. Tippur



failed ligaments suggestive of shear band formation during failure. These are attributed to the relatively higher failure strength
of this architecture.

3.5.2 Quasi-Static Fracture Tests

The load vs load-point deflection data for edge cracked 3-point bend specimens of identical geometry are plotted in Fig. 3.4
for the two print architectures. As in the tensile tests, significantly higher (almost by a factor of two) crack initiation load and
hence the crack initiation toughness for the�45� case relative to the 0/90� is evident. Furthermore, the crack growth occurred
relatively rapidly and in a brittle fashion, as indicated by the quick drop in the load value beyond the peak load at crack
initiation, in the 0/90� specimen. On the contrary, the crack initiation and growth in the �45� specimen was different with a
zig-zag/staircase growth pattern along a macroscopically �45� bias after crack initiation. The drop in the load was gradual
with a significant monotonic increase in the load-point displacement due to ductility offered by the print architecture. The
speckle images captured by the camera in the deformed state were correlated with the reference images taken before the
application of load to obtain the displacement fields. The speckle images were correlated using ARAMIS image analysis
software. Using displacements in conjunction with an over-deterministic least-squares analysis, SIFs at each time step or load
level were extracted [4]. Figures 3.5 and 3.6 show one of the captured images used for correlation for the 0/90� and � 45�

configurations, respectively. It can be seen from the images that the path of crack propagation is very much different in both
the specimens. In the 0/90� specimen, the crack propagates along a nominally 0� path whereas in its counterpart, the crack is
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Fig. 3.4 Load vs Load-point displacement plots for quasi-static loading of edge cracked 3-point bend specimens

Fig. 3.5 Deformed images of 0/90� specimen under quasi-static loading (undeformed crack length ¼ 6 mm) (a) Before crack initiation. (b) After
crack initiation. Red dot indicates the crack tip at this time step
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along a 45� path with a distinct staircase pattern. Furthermore, significant crack tip blunting occurred in both the cases with
noticeably higher amount in the �45� case. Figures 3.7 and 3.8 show samples of the x-displacement and y-displacement
contours obtained for the 0/90� and � 45� configurations, respectively, from DIC. Based on the different contour increments
used in each contour plots, the 0/90� specimen has undergone substantially higher deformation for the same load relative to
the �45� counterpart.

3.5.3 Dynamic Fracture Tests

The V-notched specimens were dynamically loaded by the wedge-tipped long-bar by launching a striker towards it at a
velocity of ~20 m/s. The stress waves transmitted into the specimen loaded the sharpened notch tip to initiate a crack along the
0� and � 45�crack paths in the two architectures. The specimen surfaces were coated with random speckles and were
photographed using Kirana 05 ultrahigh-speed single sensor camera (framing rate 200,000 fps) capable of recording 180,
10-bit, 924 � 768 pixel images. The images in the deformed state were correlated with the one in the undeformed state
recorded before the start of the impact event [5]. Figures 3.9 and 3.10 show one of the captured images used for correlation for
the 0/90� and � 45� configurations respectively. The difference in the path of crack propagation was clearly visible when the
images were analyzed. Figures 3.11 and 3.12 show the x-displacement and y-displacement contours obtained for the 0/90�

and� 45� configurations respectively. In the 0/90� configuration, the crack initiates along 0� and propagates in the same path
as a mode-I crack until it reaches the opposite edge of the specimen. In the �45� configuration, however, after crack initiation

Fig. 3.6 Deformed images of �45� specimen under quasi-static loading (undeformed crack length ¼ 6 mm) (a) Before crack initiation. (b) After
crack initiation. Red dot indicates the crack tip at this time/load step

Fig. 3.7 Displacements contours of 0/90� configuration, for a load of 208 N with contour interval of 75 μm, obtained from DIC (undeformed crack
length ¼ 6 mm) (a) x-displacement. (b) y-displacement. Red dot indicates the crack tip at this time step and color-bar indicates displacement in
micrometers
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Fig. 3.8 Displacements contours of �45� configuration, for a load of 208 N with contour interval of 25 μm, obtained through DIC (undeformed
crack length¼ 6 mm) (a) x-displacement. (b) y-displacement. Red dot indicates the crack tip at this time step and color-bar indicates displacement in
micrometers

Fig. 3.9 Deformed images of 0/90� specimen under dynamic loading. (a) Before crack initiation. (b) After crack initiation. Red dot indicates the
crack tip at this time step

Fig. 3.10 Deformed images of �45� specimen under dynamic loading. (a) Before crack initiation. (b) After crack initiation. Red dot indicates the
crack tip at this time step
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the crack propagated along �45� for a small distance during which a new crack branch was generated and propagated
along +45� path.

This new crack propagated successfully until the the specimen successfully whereas the initial crack (�45� path) died out.

3.6 Summary and Work-In-Progress

The quasi-static and dynamic fracture behaviors of additively printed ABS are studied in order to understand the role of print
architecture and the loading rate of AM parts. The optical method of 2D-DIC is employed to map crack tip deformations in the
whole field. The dynamic experiments are performed by utilizing DIC in conjunction with ultrahigh-speed photography and
modified Hopkinson pressure bar loading facility. Distinctly different failure loads, fracture surface morphologies and crack
growth patterns are evident in the two print architectures, 0/90� and � 45�, studied. The optically measured displacement

Fig. 3.11 Displacements contours of 0/90�, with contour interval of 5 μm, obtained through DIC (a) x-displacement. (b) y-displacement. Red dot
indicates the crack tip at this time step

Fig. 3.12 Displacements contours of �45�, with contour interval of 10 μm, obtained through DIC (a) displacements in the x-direction.
(b) displacements in the y-direction. Red dot indicates the crack tip at this time step
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fields are currently being analyzed to extract the crack length, crack velocity and SIF histories during the quasi-static and
dynamic loading events to assess fracture resistance behaviors. The measurements will be reconciled with the fracture surface
morphology to assess the process-microstructure-property relationship.
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Chapter 4
Compression and Shear Response of 3D Printed Foam Pads

Wei-Yang Lu

Abstract Polymeric porous materials have a wide range of applications. An important one in structural engineering is to use
foams for cushioning or absorbing the kinetic energy from impact. Conventional foaming processes produce polymeric foams
with disordered three-dimensional networks, which are dispersion in cell shape, size, etc. Since mechanical properties depend
on the shape and structure of the cell, these foams are difficult to characterize and predict due to complexity and variation of
cells. The new 3D printing fabrication method can now prepare components of foams with perfect regular array of cells. The
printed foams potentially could be tuned or designed for application. In this study, foam pads of various porosities were
printed using the same polymer. They all have a Body Centered Cubic (BCC) cell structured but with different span sizes.
Experiments were conducted to characterize these foam pads in compression and shear, including off-axis loadings. The
property of printing polymer was also characterized for analyzing the behaviors of these foam pads. Results are compared.

Keywords Additive manufacture · Silicone foam · Compression pad · Shear characterization

4.1 Introduction

In 3D printing polymers, such as silicone, can be heated and deposited layer by layer under computer control to build 3D foam
objects. Instead of random cell shape and size, the 3D printed foams can have perfect array of cells. The mechanical properties
of a printed foam would be easier to predict if the cell parameters are known. This study concentrates on characterizing the
mechanical behaviors of foams with BCC cell structure. The BCC cell foam is defined by two printing parameters: span size
(SS) and filament diameter (FD) as shown in Fig. 4.1. For various foam pads considered here, the constitutive polymer was
SE1700 and FD was kept constant at 0.25 mm; SS was the only variable, its value ranged from 0 to 2.0 mm. The figure shows
the foam pad with SS ¼ 1.50 mm.

4.2 Compression Characterization

Punch compression test was performed as shown in Fig. 4.2a, where the platen was smaller than the pad sample. The platen
diameter was about 31.56 mm; the nominal pad size was 50 mm � 50 mm � 3 mm. The loading was quasi-static, about
0.001 s�1. The normalized load-displacement curves are plotted in Fig. 4.2b–d; (b) and (c) are the same plot but with different
scales, so the responses of lower density pads are distinguishable; (d) displays the loading-unloading hysteresis. In addition to
printed foam pads, solid SE1700 and a conventional silicone foam are also included in the plots for comparison. Notice that
the pad that SS ¼ 0 mm and solid SE1700 are not the same.
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Fig. 4.1 3D printed foam pad with BCC cell structure. (a) Top view (b) Side view
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4.3 Shear Characterization

Printed foam pad was cut to about 18 mm � 18 mm � 3 mm size and bonded to plates for lap shear test. Transparent plates,
such as glass or Plexiglas, were used, so the integrity of bonding interfaces and the uniformity of foam cell deformation could
be observed and assured. Since the pad was orthotropic, the shear was done in two orientations: one was the filament either
parallel or perpendicular to the shear loading direction; the other was off-axis, which had an angle of 45� between filament and
loading directions. These configurations were termed as 90 and 45, respectively, shown in Fig. 4.3. The figure also shows top
views of un-deformed and shear deformed foam specimens, where SS¼ 1.75 mm. On shear deformed specimens, Fig. 4.3b, d,
filaments from lower layers become visible.

Shear stress-strain curves are shown in Fig. 4.4. Figure 4.4b indicates that configuration 45 is softer than 90. Other pads,
i.e. those with different SS values, also show the same trend.

Fig. 4.3 Shear specimens and deformation, SS ¼ 1.75 mm. (a) 90, un-deformed (b) 90, deformed (c) 45, un-deformed (d) 45, deformed
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4.4 Summary and Conclusion

The compression and shear properties of various 3D printed foam pads were characterized. Only considering one cell shape
and one cell variable, span size, a wide range of mechanical properties of printed foam pads, from compliant to stiff, can
already be achieved by additive manufacturing process.
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Chapter 5
Mechanical Structure-Property Relationships for 2D Polymers
Comprised of Nodes and Bridge Units

Emil Sandoz-Rosado and Eric D. Wetzel

Abstract 2D polymers have emerged as an infinitely-tailorable material with remarkable, tunable response and density-
normalized mechanical properties far exceeding structural materials such as steel, high-performance fibers or reinforced
composites. It is critical that the vast material design space of 2D polymers be mapped in order to achieve optimal mechanical
performance, since hundreds of permutations of one class of 2D polymers known as covalent organic frameworks have
already been synthesized in the decade since the introduction of these materials. To this end, this work establishes a general
structure-property relationship for elastic modulus and strength for a common 2D polymer motif consisting of nodes linked by
linear bridge polymer chains to form a two-dimensional network. The length of the bridge chains are parametrically varied to
study the impact of chain compliance on stiffness and strength. The density-normalized isotropic strength of the graphene/
polyethylene hybrid material known as graphylene begins at 0.015 GPa/kg�m3 (50% higher than that of perfect crystalline
Kevlar®) and the density-normalized isotropic stiffness is 0.143 GPa/kg�m3 (31% higher than Kevlar®) and decreases
non-monotonically with increasing bridge chain length. The mechanical response is mapped and correlated to the inherent
molecular structure of these general 2D polymer as a framework for designing 2D polymer molecules for mechanical
applications from the ground up.

Keywords 2D polymer · Mechanics · Fracture · Strength · Design

5.1 Results and Discussion

Many 2D polymers, especially those known as covalent organic frameworks, can be described as a 2D network of nodes
interconnected by linear linkages or bridge units. One of the simplest representations of this node-bridge network is a
repeating motif of a benzene ring connected by six polyethylene chains at each carbon in the aromatic ring, which we have
called ‘graphylene’, or GrE-n where ‘n’ denotes the number of ethylene mers in each bridge unit chain (e.g. GrE-4 denotes
graphylene with 4 mers of polyethylene in each of the six bridge unit chains). In this work, the bridge unit length for
graphylene is parametrically varied to examine the impact of bridge chain length on mechanical properties as predicted by
atomistic simulations. GrE-n unit cells were determined through density functional theory, and were then simulated as
individual monolayers using molecular dynamics to determine stiffness and strength in a larger domain (Fig. 5.1a) for GrE-2
through GrE-6 (GrE-2 depicted in Fig. 5.1b and GrE-5 depicted in Fig. 5.1c). The objective is to gain insights as to the desired
molecular arrangements, and establish structure-property relationships for achieving materials with superior mechanical
properties through intentional design.

The AIREBO potential was used for these simulations with an appropriate cutoff distance of 0.197 nm. To determine the
mechanical properties, the domains were strained perpendicular to the GrE-n first nearest neighbor (1NN) crystalline
direction, with the 1NN direction defined as beginning from one nodal benzene ring and following the bridge chain to the
next nearest nodal benzene ring. The domain was equilibrated to 0 K and then time integrated with constant energy (NVE)
with a time step of 0.5 fs and deformed and a constant strain rate of 2 ns�1. Mechanical properties are reported in terms of
engineering stress and strain, and in the two-dimensional formulation.
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The engineering stress-strain plots for GrE-2 through GrE-6 can be seen in Fig. 5.2a, and the 2D elastic modulus and
strength are summarized in Fig. 5.2b, c respectively. The elastic modulus decreases non-monotonically from GrE-2 to GrE-6,
with even numbered GrE-n structures having higher moduli than their even numbered GrE-n counterparts. This discrepancy is
not a result of a fundamental change in the direction of strain, since all structures were strained along the same crystalline
direction. While the inverse correlation between elastic modulus and bridge chain length is clear, there is another underlying
cause for the discrepancy between odd and even numbered GrE-n structures. All of the simulated odd GrE-n structures show
benzene rings with significant tilt (20–30�) out of the principal plane of the 2D polymer in their lowest-energy configuration,
caused by the arrangement of the polyethylene bridge units. Even numbered GrE-n structures have bridge units allow for a
configuration where each of the six bridge units on a given node alternates their out-of-plane zig zag orientation around the
same benzene ring, preserving symmetry (Fig. 5.1b). The odd numbered GrE-n structures cannot preserve the same
symmetry, and thus cause the benzene rings to tilt out of plane to accommodate the bridge units (Fig. 5.1c). The tilt to the
benzene rings significantly increases the compliance of the structures, leading to far lower elastic moduli. While the stiffness
of GrE-n is strongly impacted by the tilt in the benzene rings, the strength is less sensitive to the out-of-plane tilt between odd
and even numbered bridge units (Fig. 5.2c). The added compliance does not weaken the structures, leading to the
odd-numbered structures breaking at relatively high strains.

Fig. 5.1 (a) Domain for mechanical MD simulations with strain applied in the vertical direction, (b) GrE-2 structure (grey atoms depict carbon, red
atoms depict hydrogen for ease of viewing) and (c) GrE-5 structure with same color scheme showing out-of-plane tilt in the benzene rings
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Designing 2D polymers to have added compliance through nodal tilt could allow for relatively facile tailoring of the
mechanical properties to suit application needs, such as having a given 2D polymer for a high strength, low strain application,
and an entirely different 2D polymer for a high strain-energy application. The added compliance can also be used to increase
the fracture toughness of these materials, opening a wide array of possibilities for customizing the mechanical properties.
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Chapter 6
Mechanical Behavior of Additively Manufactured Ti-6Al-4V
Following a New Heat Treatment

Jonathan P. Ligda, Brady G Butler, Nathaniel Saenz, and James Paramore

Abstract Hydrogen sintering and phase transformation is a Ti-6Al-4V heat treatment process capable of normalizing the
microstructure of bulk parts. The mechanical properties of these processed parts are comparable to that of wrought Ti-6Al-4V,
which makes it attractive for use in manufacturing areas where the resulting microstructure is difficult to control, like powder
metallurgy and additive manufacturing. To investigate the application space of this heat treatment, Ti-6Al-4V parts were
printed from three different additive methods (DMLS, EBM, and cold spray) and their tensile properties were evaluated in
both the as-printed and heat treated states. Due to the size of the printed parts, millimeter scale tensile specimens were used
and care must be taken to ensure the reduced sample size still produces reliable results. Preliminary tension tests show that the
heat treatment process normalizes the microstructure, closes porosity, and improves ductility.

Keywords Additive manufacturing · Ti-6Al-4V · Mechanical properties · Small-scale

The near-net shape fabrication and access to complex geometries makes additive manufacturing an attractive technique for
creating metal parts [1]. There continues to be improvements for decreasing porosity and controlling microstructure.
However, printing Ti-6Al-4V parts is difficult due to the need to limit oxygen content, and is usually overcome by printing
in a controlled argon atmosphere [2]. Following printing, a hot isostatic pressing (HIP) step can be done to decrease some of
the porosity and improve the mechanical properties [3, 4]. Hydrogen sintering and phase transformation (HSPT), a process
originally developed for sintering Ti-6Al-4V powders, can also be used to improve the mechanical properties for bulk parts
[5]. The HSPT process reduces porosity similar to the HIP, but is also capable of controlling the final microstructure of the part
[6]. This means that strength and ductility of a printed any part can be improved regardless of the starting microstructure.

Ti-6Al-4V parts were printed using three different types of additive manufacturing methods, direct metal laser sintering
(DMLS), electron beam melting (EBM), and cold spray (CS). Each method has a different resulting microstructure and shows
drastically different mechanical properties. Parts from each method were processed via HSPT at temperatures of
1050–1200 �C for 1–8 h depending on the starting porosity. Millimeter scale tension specimens with gauge sections of
0.7 � 0.5 � 5 mm were machined along the build and raster directions of each method. Tension tests were performed using a
custom built testing rig which had a 250 lb load cell, DC stepper motor, and 12 megapixel camera. Images captured during the
tension test were used for digital image correlation (DIC) based strain calculations.

Figure 6.1a shows the engineer stress vs. strain curves for the DMLS and DMLS+HSPT samples taken from the raster
direction. Their strengths are comparable, with a slight increase for HSPT processed sample. There is also an increase in the
total elongation of the HSPT sample, 6%, higher than the DLMS only elongation of 3%. Even those this is higher, it is still
much lower than the expected ductility found in wrought Ti-6Al-4V. Scanning electron microscope (SEM) images inset in the
plot show the fracture surfaces of these two samples. There is no noticeable difference between the two. Figure 6.1b shows the
engineering stress vs. strain curves for the CS, CS+hot isostatic pressed (HIP), and CS+HSPT samples. The CS only sample
consists mostly of cold welded spheres and still contains a large amount of porosity, as shown by the fracture surface shown in
the inset SEM image. Under tension, the sample fractures at a stress level under 200 MPa, significantly lower than that of
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wrought Ti-6Al-4V. For the CS+HIP sample, the HIP process greatly improves the strength and partially improves the
elongation to near 1.6%. The CS+HSPT sample shows a slightly improved strength and increased elongation to 2.2%. Inset
SEM image of the fracture surface show the improved densification of the samples following HSPT, but large pores still
remain. This contributes significantly to the low ductility.
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Fig. 6.1 (a) Engineering stress vs. strain plot of the DMLS and DMLS+HSPT with inset scanning electron microscopy images of the fracture
surface. (b) Engineering stress vs. strain plot of CS, CS+HIP, and CS+HSPT with inset scanning electron microscopy images of the fracture surface
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Chapter 7
Dynamic Thermal Softening Behavior of Additive Materials
for Hybrid Manufacturing

Steven Mates, Mark Stoudt, Gregor Jacob, Wilfredo Moscoso, and Vis Madhavan

Abstract Hybrid manufacturing involves both additive and subtractive (machining) processes to achieve the final product.
Substantial differences can exist between the mechanical behavior of additively as-built materials compared to their wrought
counterparts. As such, the use of wrought material properties for the simulation and optimization of the machining step in a
hybrid manufacturing process may produce inaccurate results. The present work uses the NIST pulse-heated compression
Kolsky bar to measure the dynamic behavior of both wrought and additively produced Inconel 625 and 17-4 PH stainless steel
over a range of temperatures up to 1000 �C and at strain rates of 3000 s�1. The measurement results are correlated to
underlying microstructural differences between additive and wrought materials that arise because of the differences between
these material processing routes as described in the literature.

Keywords Kolsky bar · Additive manufacturing · Hybrid manufacturing · High strain rate · High heating rate

7.1 Introduction

Hybrid manufacturing combines additive manufacturing (AM) with traditional machining to improve the surface quality of
additively made parts while preserving the benefits of the AM route. AM is particularly attractive for advanced, high-value
materials and parts that are costly or more difficult to produce using traditional methods. Inconel 625 (IN 625) and 17-4 PH
stainless steel are two alloys of active interest in the AM research community. The microstructure of as-built AMmaterials can
be very different from their wrought (cast then thermo-mechanically processed) counterparts, primarily due to differences in
the thermal history experienced by the material during processing. In 17-4 PH stainless steel, the AM material can contain
large amounts of retained austenite [1], whereas the wrought form is entirely martensitic. AM IN 625 contains brittle
precipitates [2] that are intentionally avoided in wrought products by careful control of thermal history during traditional
processing. These significant microstructural differences likely alter the mechanical behavior of, and, potentially, the
machining performance of, AM materials compared to wrought. The machining behavior of AM alloys is currently under
investigation at Wichita State University, and the results of this research will be presented in a companion paper at this
conference. In this work they found notable differences in cutting temperature, chip morphology and tool wear between
wrought and AM IN 625.

The present work compares the dynamic (strain rate � 3000 s�1) plastic response of additively-manufactured IN 625 and
17-4 PH stainless steel against their wrought equivalents at temperatures up to 1000 �C using the NIST pulse-heated Kolsky
bar [3]. Short (sub 4 s) total heating times are employed to approach thermal conditions during machining, where heating rates
are quite rapid such that equilibrium microstructures may not have time to evolve despite the elevated temperature. In 17-4 PH
stainless steel, for example, mechanical properties can change after as little as 30 s of exposure to elevated temperatures [4],
presumably due to coarsening of fine Cu precipitates [5].
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7.2 Experimental

Additively manufactured IN 625 and 17-4 PH stainless steel were produced by a commercial powder bed fusion device. In this
process, a laser is rastered over a powder layer, selectively melting material in the desired pattern to solidify onto the
previously built layer. The process is then repeated with a freshly laid powder layer. Once completed, the loose powder is
removed and the builds are subject to manufacturer-recommended heat treatment schedules which vary depending on the
alloy. Compression specimens measuring 4 mm in diameter by 2 mm thick were then cut from the cooled and stress-relieved
build materials via electron discharge machining (EDM). The specimens were cut such that the compression direction is
perpendicular to powder layer and parallel to the build direction. Samples of the companion wrought material were cut from
square stock, also using EDM. Both additive and wrought IN 625 specimens were subject to an additional annealing of
1038 �C (1900 �F) for 5 min followed by an air cool.

Samples were dynamically compressed using the NIST pulse-heated Kolsky bar [3]. For elevated temperature testing,
samples are subjected to a single, short direct current pulse at low voltage provided by a large battery bank (13.2 V). Heating
rates of 1000 �C/s or more are possible with this technique, as is precise control of the shape and duration of the thermal
history, using feedback-control on either the current or the temperature, the latter as measured via infrared pyrometry.
Graphite foils were used between the sample and the bars to eliminate any arcing at the sample-bar interface during heating.
Stress-strain data were obtained from the incident and transmitted strain wave pulses, measured at 2 MHz, in the usual manner
[6], with two noteworthy exceptions. First, the foil mechanical behavior was modeled and subtracted from the overall
response to extract the specimen stress-strain behavior for pulse-heated experiments. Details of the foil correction method are
given in reference [3]. Second, we employed an elastic punching correction [7] to account for elastic indentation of the bar
faces for both heated and room temperature tests. Finally, mild pulse shaping was used to smooth out oscillations associated
with the striker impact.

7.3 Results

Figure 7.1 shows room temperature high strain rate flow stress curves of additive and wrought IN 625 and 17-4 PH stainless
steels. Note that the downturns at the ends of the stress-strain curves in Fig. 7.1 are caused by the release-wave that ends the
dynamic compression event, and do not represent specimen failure. In both plots, nominal linear elastic responses are shown
for each material in the wrought condition for comparison. The good agreement between the initial portion of the dynamic
stress-strain curves measured here with the corresponding nominal elastic responses was substantially aided by using the
elastic punch correction technique [7]. AM IN 625 exhibits higher flow stress but similar strain hardening up to about 25%

Fig. 7.1 Comparison of room temperature high strain rate compressive response of additive and wrought IN 625 (left) and 17-4 PH stainless steel
(right). Linear elastic responses are drawn for comparison using nominal wrought Young’s modulus values from commercial literature. The average
strain rate for the tests are noted parenthetically in the legends. Error bars are computed using random error propagation and apply uniformly to the
entire curve
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strain. Conversely, AM 17-4 PH stainless steel shows a lower apparent dynamic yield stress but a significantly higher strain
hardening rate compared to the wrought material. Both observations can be readily explained by differences in the
microstructures between additively-produced and wrought materials. Wrought 17-4 SS is mostly martensite, resulting in a
very high yield strength with little strain hardening capacity. Additively manufactured 17-4 steel, by contrast, can contain
significant retained austenite. The retained austenite is believed to occur due to a combination of enriched austenite-stabilizing
elements, including excess nitrogen absorbed during deposition or during atomization of feedstock powder, and a finer
solidification microstructure resulting from the high cooling rates associated with AM layer solidification [1]. Retained
austenite, being weaker than martensite, reduces the hardness and yield strength of the bulk AM material compared to the
wrought material. In addition, the presence of FCC allows much greater strain hardening capacity than its wrought (BCC
martensite) counterpart. For IN 625, both AM and wrought forms consist of single-phase FCC Ni, yet AM IN 625 contains a
significant amount of Ni3Nb, a brittle intermetallic phase, referred to as δ-phase, which forms during stress-relief annealing.
This could explain the observed increased hardness and lower ductility compared to wrought [2]. Additional strengthening
mechanisms include grain size refinement in the AMmaterial due to the high inherent cooling rates [2] and by increased initial
dislocation density [8]. As Fig. 7.1 shows, the dynamic flow stress of the AM IN 625 is higher compared to wrought at room
temperature. However, the strain-hardening behavior of the two materials is quite similar, which is consistent with the fact that
both are predominantly FCC Ni.

Figure 7.2 shows the plastic flow stress of AM and wrought forms of both materials at several temperatures up to about
1000 �C at a fixed level of plastic strain. In the IN 625 system, the AM material remains stronger than the wrought material at
almost all temperatures, and the thermal softening behavior generally mirrors that of the wrought material. This is somewhat
expected, given that the brittle δ-phase likely present in the AM material is stable to well over 1000 �C, and is relatively
difficult to dissolve [2], requiring heating times much longer than the 3.5 s used here. The δ-phase provides an additional
athermal barrier to slip and remains over the entire temperature range examined, boosting the flow stress at all temperatures.
Suppression of grain coarsening or recrystallization on heating by the limited heating times also likely contributes to the
persistence of the strength offset between AM and wrought observed even at high temperatures. The flow stress of 17-4 PH
stainless steel is plotted against temperature in this figure at a smaller amount of plastic strain (5%) to highlight the initial
reduction of the yield strength due to significant retained austenite in the AMmaterial. Because the AMmaterial strain hardens
much more readily than the wrought at room temperature, comparisons of thermal softening behavior made at a single strain
level will change based on strain level chosen. At 5% strain, the wrought material maintains its strength advantage over the
AMmaterial until near the temperature at which martensite starts to transform to austenite, which for this alloy is about 750 �C
[1]. Above this temperature, the flow stresses of AM and wrought appear to fall in line with each other, which is expected
given that both materials should be fully austenitic given sufficient heating time. More data in this region are needed to
confirm this and to explore how the kinetics of this phase transformation affect the flow stresses of these materials near this
transformation temperature.

Fig. 7.2 Thermal softening behavior of AM and wrought IN 625 (left) and 17-4 PH stainless steel (right) carbon steels at strain rates between 3000 s�1

and 5000 s�1. Error bars on stress are computed from error propagation (95% confidence interval) and on temperature are computed from thermal
gradients measured via pyrometer readings obtained on opposite sides of the specimen
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Differences in the dynamic plastic response between AM and wrought materials may translate into differences in
machining behavior of AM builds compared to their wrought equivalents. Comparative cutting tests between AM and
wrought IN 625 have shown that the AM form produces higher chip temperatures and a more irregular chip segmentation
compared to the wrought. This agrees with the trends in the current data that show increased flow stress at all temperatures
and, one assumes, lower ductility due to the presumed presence of δ-phase. Comparative cutting tests with additive and
wrought 17-4 PH stainless steel are planned, and these tests are expected to reveal the effects of lower yield and larger strain
hardening capacity of the AM material.

7.4 Conclusions

Hybrid manufacturing, which involves secondary machining operations on additively manufactured materials, hinges on the
ability to effectively machine these new materials, which tend to have very different microstructures in the as-built condition
compared to typical wrought materials of the same composition. The high strain rate plastic behavior of AM IN 625 and 17-4
PH stainless steel is shown to be significantly different at elevated temperatures, and in the case of the IN 625, the results are
congruent with comparative machining tests performed at Wichita State University which show measurable differences in
cutting temperature, chip morphology and tool wear between wrought and AM IN 625.
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Chapter 8
Correlation Between Process Parameters and Mechanical
Properties in Parts Printed by the Fused Deposition
Modeling Process

Samuel Attoye, Ehsan Malekipour, and Hazim El-Mounayri

Abstract Fused deposition modeling (FDM) represents one of the most common techniques for rapid prototyping and
industrial additive manufacturing (AM). Optimizing the process parameters which significantly impact the mechanical
properties is critical to achieving the ultimate final part quality sought by industry today. This work investigates the effect
of different process parameters including nozzle temperature, printing speed, and print orientation on Young’s modulus, yield
strength, and ultimate strength of the final part for two types of filament, namely, Poly Lactic Acid (PLA) and Acrylonitrile
Butadiene Styrene (ABS). Design of Experiments (DOE) is used to determine optimized values of the process parameters for
each type of filaments; also, a comparison is made between the mechanical properties of the parts fabricated with the two
materials. The results show that Y-axis orientation presents the best mechanical properties in PLA while X-axis orientation is
the best orientation to print parts with ABS.

Keywords Additive manufacturing · Fused deposition modeling · Process parameters · Mechanical properties

8.1 Introduction

Fused deposition modeling (FDM) is a subset technology of additive manufacturing by material extrusion. FDM is devised
and patented by Scott Crump [1] and Industrial Technology Research Institute (ITRI)1 stated that this emerging technology,
represents one of the most common techniques for prototyping and personal additive manufacturing (AM). FDM also
produces end-use parts fit for mechanical, chemical and biochemical operating conditions. This technology, however, is
not free from limitation. In this process there is an instant hardening of the plastic as it bonds to the layer below and another
layer is deposited by the extrusion nozzle. In this procedure, the properties of the deposited material, the printer specifications
especially in 3D printing finely-detailed items, and the range of process parameters affect significantly on the finished product
quality. Any depletion in these categories leads to some potential defects such as unfavorable mechanical properties, poor
surface condition, etc. Thus, scholars have focused in these fields to improve the ultimate quality of the fabricated parts. In an
effort, Dorigato et al. [2] included reinforcing particles (i.e., Nano-fillers) with the polymer to improve the mechanical
properties of FDM final products. It was observed that this approach significantly boost the properties such as impact
resistance, elastic modulus, thermal stability, and fire resistance, compared with those of neat polymers [2]. In a different
effort, Keng Hsu at the Arizona State University improved the interfacial strength by pre-heating the base layer [3]. On the
other hand, optimization of the process parameters is considered an important alternative for improving the quality of the final
parts. Several efforts are underway to improve the mechanical properties of FDM parts; for an instance, in a study by
Onwubolu and Rayegani, a functional relationship between process parameters and tensile strength for FDM process was
developed using group method for data modeling. In this study, the effect of layer thickness, part orientation, raster angle,
raster width, and air gap on the tensile strength of test specimen was studied [4]. In another study, Stephen A., et al. (2014)
identified the tests that can be most sensitive to the changes in processing conditions and differences in interlayer bond
strength which affect the quality of fabricated parts. The various mechanical properties of tensile, flexural properties, notched
and un-notched impact strengths and the influence of changes in processing parameters and orientations of specimens on the
quality was investigated. Analysis of variance (ANOVA) was used to compare the significance of the effect of processing
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parameters on the mechanical properties. Their conclusion, on the basis of the data from experiments, was that a combination
of measures of modulus, weight and impact strength can be used to infer the quality of a build on an FDM machine
[5]. Previous works investigated the effects of different materials or changing process parameters on mechanical properties;
however, there are still gaps in literature relating to the comparison between the obtained mechanical properties for the part
printed by prevalent materials in FDM process and also, introducing the optimized values for process parameters which lead to
the best mechanical properties for the parts printed by each material. In this work, we investigate the influence of printing
orientation, nozzle temperature, and printing speed on Young’s modulus, yield strength, and ultimate strength of a modified
ASTM tensile strength test standard part (ASTM D638) [6] for two types of material, namely, Poly Lactic Acid (PLA) and
Acrylonitrile Butadiene Styrene (ABS), used predominantly in FDM process. Printing orientation plays a significant role in
the ultimate mechanical properties since it affects the bonding between layers. As a matter of fact, the anisotropy of the
fabricated parts has been always a fundamental problem in FDM and thus, selecting the right printing orientation according to
the function of the part is crucial. The nozzle temperature also affects the quality of the part directly. This temperature was
adjusted based on the recommended temperature on each type of filament rolls. Effects of changing in printing speed are also
investigated and depicted in our work. As it already mentioned, we conducted our experiments for both PLA and ABS.

8.2 Methodology and Experimental Setup

The interaction between printing parameters (nozzle temperature, printing speed, and print orientation) adjusted during
fabrication and the mechanical properties (Young’s modulus, yield strength, and ultimate tensile strength) was observed.
The specimen selected and modified (Fig. 8.1) for monitoring and evaluation is based on the ASTM tensile strength test
standard part (ASTM D638). The dimensions followed by minor adjustments to facilitate the printing process.

Two sets of the specimen were fabricated. Set-A consisted of thirty-six (36) individual printed MakerBot PLA specimens
(specimen A1 to A36). Set-B consisted of twenty-seven (27) individual printed Filabot ABS specimens. The printing process
parameters (nozzle temperature, printing speed), adjusted for each part, are listed in Table 8.1. The printing parameter values
were selected based on the machine and material specifications. Three nozzle temperature values (low, medium and high)
were considered for each filament according to the recommended temperature of the filament rolls. Various build orientations
used in the experiments are shown in Fig. 8.2. The X, Y, Z orientations were used in the fabrication of both set-A and set-B
specimens; while the 45-degree orientation was only used for set-A specimens (Fig. 8.2).

Fig. 8.1 The modified ASTM tensile strength sample used for experiments

Table 8.1 Printing parameters adjusted for fabrication process of set-A specimen A1-A36 and set-B specimen B1-B27

Printing parameters Values for printer A Values for printer B

Nozzle temperature in �C 200 215 220 215 225 235

Printing speed in mm/s 20 40 60 20 40 60
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After the specimens were printed, the tensile strength test was performed on each part. The results were analyzed and
revealed in Sect. 8.3. Mechanical analysis of set-A and set-B was performed using Q-test machine, Matt Struve Demo MTS
Extensometer, and test-works software. Young’s modulus, yield strength, and ultimate strength of the FDM printed specimens
were obtained.

8.3 Results and Discussion

During the printing process, it was observed that the specimens fabricated in the X orientation took the shortest time to print
for both set-A and set-B specimens. This was due to the fewer layers required to complete the part built in this orientation. For
set-A specimens, printing at the 45-degree orientation took the longest time due to the requirement of support structures. On
the other hand, printing at the Z-axis orientation took the longest time for set-B specimens. This was due to the requirement of
support structures and the specimen height. The effect of the printing speed on the build time was not significant; however, the
mechanical analysis shows a more discernable influence of the printing speed parameter on the build process and final product
mechanical properties.

Fig. 8.2 X, Y, Z, and 45� orientation used in fabrication of specimen set-A and X, Y, and Z orientation used in fabrication of set-B

Fig. 8.3 (a) Q-Test machine (b) Matt Struve Demo MTS Extensometer
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Almost all the specimens printed with either PLA or ABS (set-A or set-B) in the X and Y orientations tended to fracture at
location close to the end of the sample, at the “neck” region; however, around 33% of the specimens in both sets printed in the
z-orientation, tended to fracture at location that is closer to the mid-region of the specimens and 66% close to the end of the
samples. In the specimens printed at 45-degree in set-A, the fracture spot tends to shift to the middle for all the process
parameters. Some specimens after evaluation on the Q-test machine are depicted in Fig. 8.4.

The effects of changing the printing parameters, i.e. nozzle temperature, printing speed, and printing orientations, on the
mechanical behavior of each specimen are investigated. In this regard, values of Young’s modulus, yield strength, and
ultimate tensile strength of the printed specimens in X, Y, Z, and 45-degree directions for PLA filament and X, Y, and Z for
ABS filament for different nozzle temperatures and printing speeds gotten from the tensile strength and are presented in the
Sects. 8.3.1 and 8.3.2.

8.3.1 Mechanical Properties of the Specimens Fabricated with PLA Filament in X, Y, Z,
and 45�

Figures 8.5, 8.6, and 8.7 show respectively Young’s modulus, yield strength, and ultimate tensile strength of the fabricated
PLA (set-A) specimens. It can be observed from Figs. 8.5, 8.6, and 8.7 that, the specimens printed in the Y–axis orientation
show the highest mechanical properties compared with the specimens printed in the X, Z -axis and 45-degree orientation. In
these samples, the minimum value of mechanical properties in Y-direction is predominantly higher than the maximum one in
the other directions. Therefore, Y is the best direction suggested for printing with PLA. For all the mechanical properties,
45-degree direction shows the weakest properties; thus, this direction is not recommended for printing of parts. The diagrams
also depict that the highest values of almost all the mechanical properties were obtained at the lowest temperature which is
200 �C and the highest printing speed which is 60 mm/s for all X, Y, and Z orientations. Increasing the temperature weakens
the mechanical properties for this speed. Changing the nozzle temperature does not show any specific trend on changing of
mechanical properties for the other printing speeds.

Fig. 8.4 A.1 specimens printed in X, Y, Z orientation with PLA; A.2 specimens printed in 45� with PLA; B.1 specimens printed in X orientation
with ABS; B.2 specimens printed in Z orientation with ABS
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8.3.2 Mechanical Properties of the Specimens Fabricated with ABS Filament in X, Y, Z

For ABS filament, the effect of altering nozzle temperature and printing speed on the mechanical properties of fabricated parts
in the three main directions i.e. X, Y, and Z was investigated. We did not investigate the mechanical properties in 45 degree for
ABS material, as this orientation showed the weakest properties for PLA. The obtained Young’s modulus, yield strength, and
ultimate tensile strength of the fabricated ABS (set-B) specimens are shown in Figs. 8.8, 8.9, and 8.10. The results indicate
that the part printed in X and Z orientations have better mechanical properties compared with the parts printed in Y orientation.
In these samples, the highest Young’s modulus achieved for the parts printed in X orientation; however, the maximum yield
strength and ultimate strength achieved for the parts printed in either X or Z (however Z shows a bit better properties).
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Fig. 8.5 Young’s modulus in X, Y, Z orientations and 45� for the part printed with PLA in different nozzle temperatures and printing speeds
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By considering of Young’s modulus, X is the best orientation suggested for printing of a part with ABS. The diagrams also
depict that the highest mechanical properties in X-direction were obtained at the temperature of 225 �C and the printing speed
of 20 mm/s. Increasing or decreasing of the temperature will weaken the mechanical properties significantly. While the best
mechanical properties for Z-direction were predominantly obtained at the temperature of 235 �C and the printing speed of
40 mm/s. However, the Yield strength shows a better result for the temperature at 215 �C and the printing speed of 20 mm/s.
It is noteworthy that the weakest mechanical properties obtained for Z direction and for the temperature at 235 �C and the
printing speed of 20 mm/s.

Fig. 8.7 Ultimate tensile strength in X, Y, Z orientations and 45� for the part printed with PLA in different nozzle temperatures and printing speeds
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Fig. 8.9 Yield strength in X, Y, and Z orientations for the part printed with ABS in different nozzle temperatures and printing speeds

40 S. Attoye et al.



Figure 8.11 compares the maximum mechanical properties obtained for the specimens printed with PLA and ABS in
different orientations. As this figure depicted, PLA shows stronger mechanical properties compared with ABS.

8.4 Conclusions and Future Works

In this research, the effect of printing parameters on the mechanical properties of the PLA and ABS specimens produced by
fused deposition modeling process was investigated. The work reveals that PLA shows stronger mechanical properties
compared with ABS. These experimental results also suggest that the specimens printed in the Y-axis orientation present the
best mechanical properties in PLA while X-axis orientation is the best orientation to print parts with ABS. The optimized
process parameters are recommended for the tested materials in the revealed range of parameters. More specimens need to be
printed for each set of parameters to measure the experimental error. Furthermore, the obtained experimental data needs to be
analyzed and explained scientifically.
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Chapter 9
Mechanical Characterization of Cellulose Nanofibril Materials
Made by Additive Manufacturing

Lisa M. Mariani, John M. Considine, and Kevin T. Turner

Abstract Cellulose nanomaterials have high specific stiffness and strength, are optically transparent, and are biodegradable,
making them an attractive building block for bulk materials. The overall dimensions of neat bulk cellulose nanofibril (CNF)
materials is significantly limited by the development of residual stresses generated during the drying process, when the source
CNF is 1.0 wt.% in water or less, or by agglomeration, when the source CNF is greater than 1.0 wt.%. Here, we overcome
these issues by producing CNF films and structures by additive manufacturing (i.e., 3D printing) of a shear thinning aqueous
CNF suspension onto hydrophobic substrates under controlled drying conditions. Films of enhanced thicknesses, greater than
80 μm, are achieved as a result of the multistep layer-by-layer manufacturing process. The mechanical properties of the
resulting materials are characterized via nanoindentation and tensile testing. Nanoindentation is used primarily to map the
mechanical properties and examine variations in properties spatially and through the thickness. Tensile testing, with strain
measurement via digital image correlation, is used to characterize the bulk properties. Mechanical characterization is
supported by additional characterization via atomic force, optical, and electron microscopy. This study demonstrates the
ability to additively manufacture stiff, strong, uniform, and scalable cellulose nanofibril materials.

Keywords Nanocellulose · Additive · DIC · Tensile · Nanoindentation

9.1 Introduction

Cellulose nanofibrils (CNFs) have low molecular weight, high aspect ratio, can be made to be optically transparent, are
biodegradable, and have a variety of applications, including coatings, composites, and packaging [1–3]. Current preparation
techniques for neat CNF films consist of dish drying, oven drying, and vacuum filtration techniques, which have been shown
to achieve Young’s moduli greater than 11 GPa and tensile strengths greater than 200 MPa [4–10]. The thickness of CNF
materials with high modulus and strength has been limited to 70 μm because of large stresses that develop during drying [11].

3D printing is a technique with which thicker CNF materials may be fabricated. A few prior studies have investigated 3D
printing of pure cellulose materials. CNCs, bacterial nanocelluloses, and cellulose acetate have been printed to yield structures
and patterns that display shear alignment, Young’s moduli up to 2.2 GPa, and tensile strengths up to 45 MPa [12–15]. For
CNFs, one study printed CNF structures which maintained their intended shape using two drying techniques: freeze drying
and solvent exchange [16]. Tensile strip specimens made by freeze drying had a Young’s modulus and tensile strength of
0.031 � 0.019 GPa and 3.9 � 2.7 MPa, respectively; while, those made by air drying had a Young’s modulus and tensile
strength of 4.3 � 0.3 GPa and 114 � 14 MPa, respectively [16].

This study fabricates neat CNF materials via 3D printing and achieves films of high modulus, uniform mechanical
properties, and thicknesses greater than those achieved using classical thin film preparation techniques.
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9.2 Methods

Aqueous suspensions of 0.93 wt.% TEMPO pretreated CNFs are printed on a commercial 3D printer (i3PRO, MakerFront)
that was modified to have a syringe print head with controlled back pressure. CNF suspensions were printed in geometries of
single line/single layer, single line/multiple layers, and 6 line passes/2 layers (bi-layer specimens) for tensile testing and were
subsequently cured by controlling the substrate temperature. Suspensions were printed on hydrophobized glass and silicon
build plates with a constant back pressure of 172 kPa and with varying print head velocities and substrate temperatures. The
surface and shape of the 3D printed CNFs are imaged using mechanical profilometry (P7, KLA-Tencor), optical microscopy
(Axio, Zeiss), tapping mode atomic force microscopy (AFM) (Dimension 2000 AFM, Bruker), and electron microscopy
(7500F, Jeol).

Mechanical properties are characterized using nanoindentation and tensile testing. Nanoindentation (TI 950 Triboindenter,
Hysitron) measurements of 70 �C substrate temperature single line/single layer prints on silicon substrates were performed to
evaluate variations of the reduced modulus in the 3D printed CNF materials. Arrays of nanoindentation indents were set up
along the length of the line and width of the line with a minimum indent spacing of 50 μm. Both a Berkovich diamond tip and
a spherical tip with a radius of 0.814 μm were used for nanoindentation to determine if the fiber specimens could be treated as
homogenous materials. The Young’s modulus and tensile strength of the CNFs were investigated using tensile testing.
Bi-layer strip specimens marked with glitter were loaded and strained in a uniaxial testing machine (Criterion Model 43, MTS)
equipped with a 50 N load cell (LSB.501, MTS) and digital camera (Guppy Pro, Allied Vision) fitted a manual focus lens
(HR F2.8/50 mm, Navitar) for digital image correlation. The force-displacement data was fit with a hyperbolic tangent
expression. From the derivative of this expression, the specimen cross-sectional area, and the gauge length, the Young’s
modulus, E, was determined by evaluating the stiffness of the specimen at zero displacement. The density of the printed
specimens was determined by measuring the volume using digital calipers and a digital micrometer and the weight of the
specimen using a precision balance (Adventurer SL, Ohaus).

9.3 Results and Discussion

Mechanical profilometry measurements of the line width, line height, and cross sectional area of the single line/single layer
prints show that the line width and line height follow a decreasing power-law trend with increasing print head speed and the
cross-sectional area of the line is independent of substrate temperature. The rms roughness of the lines was probed with AFM
and was measured to be 3.63 nm � 0.21 nm. Additionally, the single line/multiple layer prints achieved thicknesses greater
than 80 μm.

The uniformity of the mechanical properties of single line/single layer CNF prints was revealed through nanoindentation
measurements, where there was no significant variation in the reduced modulus along the length or width of the line. The
reduced moduli of the CNF prints measured by the Berkovich and spherical indenters were 10.5 � 0.41 GPa and
10.3 � 0.44 GPa, respectively, which suggests that the surface of the CNF films can be assumed to be homogenous. The
hardness was measured to be 0.67 GPa � 0.03 GPa. Tensile testing with DIC revealed a Young’s modulus
E ¼ 10.2 GPa � 1.2 GPa. The films also had a tensile strength at fracture of σf ¼ 72.6 MPa � 7.4 MPa. The specific
stiffness and specific strength of the 3D printed films was 8048 � 1384.3 kN-m/kg and 57.3 � 8.3 kN-m/kg, respectively,
based on a measured density of 1267.4 � 131.1 kg/m3.

9.4 Conclusions

Cellulose nanofibril materials with uniform mechanical properties are prepared using additive manufacturing. The 3D printed
CNFs have high modulus, E ¼ 10.2 GPa � 1.2 GPa, and moderate strength, σf ¼ 72.6 MPa � 7.4 MPa. Additionally, this
study exceeds 80 μm thicknesses for multi-layer line prints, which pushes the boundaries of the current thicknesses achieved
for CNF materials.
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Chapter 10
Shock Propagation and Deformation of Additively-Manufactured
Polymer Foams with Engineered Porosity

Jonathan E. Spowart, David Lacina, Christopher (Kit) Neel, Geoffrey Frank, Andrew Abbott, and Brittany Branch

Abstract The propagation of shocks through additively-manufactured (AM) polymeric structures containing multiple length
scales of engineered porosity is studied both experimentally and computationally. In this study, a single-stage light gas gun is
used to impact cube-shaped specimens, 40 mm on a side, instrumented with photon Doppler velocimeter (PDV) light probes
to capture free surface velocities and side-looking high-speed video to capture deformation history. A combined Eulerian-
Lagrangian finite element (FE) model has been developed which reproduces the majority of the observed experimental trends,
based on an independently-measured shock Hugoniot for the bulk AM polymer. After initial calibration, the FE model has
been used to suggest candidate geometries for experimental investigation, based on the desired shock response. Geometries
for structurally-efficient shock mitigation have been investigated. In a separate set of experiments, miniature (6 mm � 6 mm)
square specimens have been impacted at the Dynamic Compression Sector at the Advanced Photon Source (APS), and imaged
using x-ray Phase Contrast Imaging (PCI). This technique gives strong evidence for the propagation of discrete shocks within
the engineered foam structures, in agreement with our models.

Keywords Shock · Porous · Fractal · Additive manufacturing · Polymer

10.1 Introduction

Dissipative phenomena in nature often exhibit hierarchical or multi-scale structures. For example, consider the three structures
in Fig. 10.1 below, which shows the responses of different materials corresponding to the dissipation of (a) volumetric strain
energy – the desiccation cracking of mud [1]; (b) electrical potential energy – a Lichtenberg figure [2], and (c) elastic strain
energy – small-caliber bullet penetrating a glass sheet [3]. In each case, the resulting structure comprises multiple length
scales, arranged in a hierarchical fashion. This is so much the case that it is often unnecessary to include scale bars on these
figures, since the structures repeat at finer and finer scales – this is the essence of fractal [4] geometry.

The example of the Lichtenberg figure is particularly representative in that dissipation of electrical energy is clearly from
top to bottom in the figure. As the energy is dissipated, more and more branches are created that are at finer and finer length
scales. It is specifically this kind of geometry that we hypothesize would be useful for shock wave mitigation if engineered
directly into the material itself. The 3-D fractal geometry that we chose to investigate is called a Menger sponge [5, 6],
examples of which are given below in Fig. 10.2. This mathematically defined hierarchical structure is developed iteratively by
removing successive prismatic volumes from a solid cube, where each iteration is 1/3 of the size of the previous one, until, in
the mathematical limit, the structure has zero solid volume and infinite surface area. Figure 10.2 shows the 1st, 2nd, and 3rd
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iterations of the Menger sponge, with solid volume fractions of 0.741, 0.549, and 0.406 respectively. In general, the variation
of solid volume fraction is given by v ¼ (20/27)i where i ¼ iteration number.

It is important to note that Menger sponges are geometrically different from typical lattice-based foams [7] in that they have
a different mathematical relationship between their surface area (S) and volume (V). Figure 10.3 below, shows the variation of
the surface area to volume ratio, ξ ¼ S/V, as a function of specific volume (1/ρ) for a Menger sponge, compared to the same
parameter calculated for two different closed-cell foams based on space-filling tetrakaidecahedra.

Significant differences between the fractal and lattice-based foams, especially at high and low specific volumes, suggest
that the compressive deformation of these hierarchical structures (including their pore collapse) will follow different dynamics
than lattice-based structures, resulting in differences in their shock propagation behavior and therefore providing motivation
for the current study.

10.2 Experimental

10.2.1 Additive Manufacturing

For the plate impact experiments, we chose to print 2-D versions of the Menger sponges, where prismatic volumes were
successively removed only from one face which contained the impact direction. In this way, we could confine the experiment

Fig. 10.1 Showing different material responses occurring during the dissipation of (a) volumetric strain energy (desiccation cracking in mud) [1],
(b) electrical potential energy (Lichtenberg figure) [2], and (c) elastic tensile strain energy (small caliber bullet penetrating glass sheet) [3]

Fig. 10.2 Showing the (a) 1st, (b) 2nd, and (c) 3rd iterations of the Menger sponge [5, 6], with solid volume fractions of 0.741, 0.549, and 0.406. In
the mathematical limit, the volume fraction is zero and the surface area is infinite
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to mainly planar strain conditions, which greatly simplified both the numerical modeling, and interpretation of the high-speed
video of the deformation. These 2-D structures are called “prismatic” sponges to differentiate from the 3-D Menger sponges
shown above. For 2-D prismatic sponges, the variation of solid volume (v) with each iteration is given by v ¼ (8/9)i where
i ¼ iteration number. 2-D sponge geometries were additively manufacturing utilizing two different techniques; both with
photopolymer resins. The first additive manufacturing technique used was polyjet performed by a Stratasys Objet260 Connex
3. This printer jets photopolymer resin from several small orifices onto a substrate or previous layer and quickly cures the resin
with UV light. Digital ABS material was selected as the model material for its ABS-like mechanical properties and plasticity.
This material is produced by combining two proprietary photopolymer resins designated RGD515 and RGD531, with a matte
surface finish.

In addition, two-part LANL wedge specimens [8] were printed for shock Hugoniot measurements of the digital ABS
material. Details of these measurements are included in the next section, and elsewhere [9]. A number of different 2-D
prismatic Menger sponge geometries were printed on the Stratasys Objet260 Connex 3. The first was a cubic geometry
measuring 40 mm on each side. Five fractal iterations were also printed ranging from 1st-order to 4th-order as shown in
Fig. 10.4a. The practical resolution limit of this printer is around 200 μm. The 0th-order (cube) served as a reference specimen
for shock wave traversal time in the solid material, and for and calibrating the material’s spall strength – see “Modeling”
below. A second geometry measured 40 mm in length and depth, but only 13.33 mm (40/3 mm) in width, in order to avoid the
influence of the specimen edges on the back-surface motion during the experiment [11]. Two fractal iterations were printed
using the 13.33 mm geometry; 1st-order and 2nd-order (Fig. 10.4b). The 0th-order (solid) was omitted because shock speeds
were not expected to differ significantly from those in the 40 mm cube.

The second additive manufacturing technique utilized in specimen fabrication was digital light projection (DLP) – a form
of stereolithography (SLA). DLP printing was performed with an Autodesk Ember printer. In this technique, a UV light

Fig. 10.3 Relationship between the parameter ξ, and normalized specific volume, V, for Menger sponge (green), and two different closed-cell foams
[7] based on space-filling tetrakaidecahedra (red and blue). The slopes of the lines (dξ/dV ) suggest that the fractal foam should behave very
differently under dynamic compression, compared to the closed-cell foams, which should both behave similarly

Fig. 10.4 (a) 40 mm cube Menger geometries ranging in fractal iteration order from 0th to 4th, and (b) 13.33 mm width specimens used for some
experiments. Note the 2nd and 3rd iterations in (a) in part of the 1st and 2nd iterations in (b)
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reflects off a digital micromirror which orients to produce a 2D image of the current layer being printed. The image is
projected into a photopolymer resin bath, curing the resin. In this way, an entire layer is printed at once. The build head then
lifts up by one layer height creating a gap filled by fresh resin for the next layer. The printer can maintain a high resolution of
50 μm in-plane and 10 μm out-of-plane. The high resolution of the printer enabled the printing of prismatic Menger
geometries measuring 6 mm � 2 mm � 6 mm required for the x-ray phase contrast imaging (PCI) experiments. These
were printed with standard clear PR48 acrylate-based resin from Colorado Photopolymer Solutions. Fractal geometries of the
1st and 2nd iterations were printed as shown in Fig. 10.4b. The printer was able to resolve 2nd order channels measuring
222 μm, albeit somewhat inconsistently. Surface tension and capillary forces combined with scattering of UV light caused
curing of resin in some of these channels. A large batch of specimens was printed to obtain enough specimens with clear
channels for high rate impact experimentation.

10.2.2 High Rate Impact Testing

10.2.2.1 Plate Impact Testing at AFRL/RWMW’s HP3 Facility

Two different plate impact experiments were carried out at AFRL/RWMW’s HP3 gun impact facility, in order to (i) measure
the solid printed ABS material’s shock Hugoniot and obtain an accurate Us–up relationship for use in FEA models, and (ii) to
obtain high speed video of the shock deformation of specimens with different levels of engineered porosity, comparing fractal
and regular grid geometries. All Hugoniot experiments were performed using a symmetric impact configuration. A 60 mm
single-stage powder gun and 400 gas gun (wrap around breech) were used to accelerate printed ABS impactors to high
velocities, producing nominally planar shockwaves in printed ABS double-wedge [8] type targets upon impact. Embedded
EM gauges (of the LANL type) [9] were used to measure particle velocities (up) and shock velocities (Us) as a function of
depth within the specimens. In addition, photon Doppler velocimetry (PDV) was employed on the back face of each specimen
in order to measure the particle velocity of this surface.

For the second set of experiments, it was hoped that the high speed video could be used to show qualitative agreement
between the experiments and the models. For quantitative comparisons, photon Doppler velocimetry (PDV) was employed on
the back face of each specimen, and compared with nodal displacements vs. time from the simulations. The specimens were
sputter coated with a thin layer of Al to aid with reflectivity during the PDV experiments. Video was obtained at 5,000,000
frames per second, using a Xenon flash lamp for illumination. An exposure time of 100 ns was sufficient to avoid blurring of
the images. Figure 10.5 below shows the experimental set-up.

Fig. 10.5 Schematic of the experimental configuration for plate impact experiments of engineered foam specimens (40 mm cubes and
40 mm � 40 mm � 13.3 mm slabs) incorporating high-speed video at 5,000,000 frames per second and four PDV probes (N, NE, C, E) on the
back surface of the specimen. The specimen is minimally clamped in the fixture to minimize edge effects from the clamps
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10.2.2.2 Phase-Contrast Imaging Techniques at Advanced Photon Source

Shock compression of AM polymer foams combined with real-time phase contrast imaging (PCI) and photon Doppler
velocimetry (PDV) were examined by impact experiments conducted at the Dynamic Compression Sector (DCS) using the
IMPact system for the ULtrafast Synchrotron Experiments (IMPULSE). This unique capability at the Advanced Photon Source
(APS) allowed a more detailed understanding of the wave dynamics as a result of porosity. The foam (2 mm� 6 mm� 6 mm)
was epoxied (Angstrom Bond) to a PMMA window (3 mm� 6 mm� 6 mm) with a 0.8 μm Al mirror deposited on the foam/
PMMA interface. A 1.0 mm thick Cu (OFHC-Cu) impact plate was affixed to the opposing surface of the micro-lattice sample
to act as a drive plate and the assembly was secured to a target holder. Polycarbonate projectiles faced with Cu impactors were
accelerated at 0.303 km/s using a single stage powder gun resulting in a pressure of 0.98 GPa [10]. Figure 10.6 shows a
schematic of the experimental configuration for transmission PCI with the gun oriented perpendicular to a series of 80-ps width
X-ray bunches (E¼ 25� 0.9 keV, λ¼ 0.5386 Å) spaced 153.4 ns apart transmitted through the AM polymer foam (inset) and
detected using a LuAg:Ce (Lu3Al5O12:Ce) scintillator optically coupled to four independent image intensified charge coupled
device (ICCD) detectors (Princeton Instruments) to provide 4 to 8 X-ray images per experiment [11–13].

10.3 Modeling

Finite element modeling was performed using Abaqus/Explicit. Models have multiple contacting bodies, with flyer plates and
anvils modeled as Lagrangian regions and a target lying in between the flyer and anvil modeled as an Eulerian region.
Modeling practices followed standard Abaqus guidelines [14]. First-order, reduced integration hexahedral elements are used
in Lagrangian regions. First-order multi-material, reduced integration hexahedral elements with hourglass control are used in
Eulerian regions. Second-order advection is used in all Eulerian regions. All materials are modeled as isotropic. Boundary
conditions representative of geometric symmetry are used wherever appropriate. Eulerian-Lagrangian contact is used at part-
to-part interfaces, with a fiction coefficient of 1.0.

10.3.1 Constitutive Model

Constitutive models for materials used in the FEA utilize an elastic-plastic model for deviatoric response and a Mie-Grüneisen
equation of state (EOS) for dilatation response. Parameters for the material models are listed in Table 10.1. For the printed

Fig. 10.6 Schematic of the experimental configuration for transmission PCI. The gun is oriented perpendicular to a series of 80-ps width X-ray
bunches (E ¼ 25 � 0.9 keV, λ ¼ 0.5386 Å) spaced 153.4 ns apart transmitted through the AM polymer foam (inset) and detected using a LuAg:Ce
(Lu3Al5O12:Ce) scintillator optically coupled to four independent image intensified charge coupled device (ICCD) detectors (Princeton Instruments)
to provide 4 to 8 X-ray images per experiment
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acrylonitrile butadiene styrene (ABS) material, the EOS parameters were developed based on the plate impact testing at
AFRL/RWMW [15] and were found to be reasonably-well represented by equation [1] below:

Us ¼ 2:40þ 1:81up ð10:1Þ
Shear modulus and yield strength were estimated based on values in the literature [16, 17]. Spall strength was selected to

match the predicted back-face velocity predicted by models with the velocity measured in testing of solid cubes. For the poly
(methyl methacrylate) (PMMA) material the EOS parameters were adapted to the linear Us–up relationship used in the
Mie-Grüneisen implementation in Abaqus based on quadratic model parameters from Ref. [18]. The shear modulus and yield
strength were extrapolated to 5000/second rate based on response from lower rate testing [19]. For the 7075-T6 aluminum the
parameters are all based on data from Ref. [18].

10.4 Results

10.4.1 Correlation Between AFRL/RWMW Impact Testing and FEA Modeling

Printed ABS cubes, 40 mm on each side, were normally impacted at the AFRL/RWMW impact facility at nominally 500 m/s
by a PMMA disk epoxied into the front of an aluminum projectile. Dimensions for the test and for the model are shown in
Figs. 10.5 and 10.7a, respectively. Both video, captured at 5,000,000 frames per second with 100 ns exposure time per frame,
and velocity of the back face at four locations were measured. Back-face velocity data were acquired at the four locations
shown in Fig. 10.5 using photon Doppler velocimetry (PDV). Tests were conducted on the four configurations shown in
Fig. 10.7b.

The measured PDV data were used for correlating with FEA. The FEA model used the procedures described above.
Element sizes were on the order of 0.5 mm. Symmetry conditions were used to reduce the model to ¼ of the geometry shown
in Fig. 10.7a. Because the targets are modeled as Eulerian regions, the back-face location is not well-defined. To determine
back-face velocity from the FEA model, output was requested for lines of nodes parallel to the X-axis at the appropriate Y-
and Z-coordinates of each PDV location. Velocities were determined from based on the most-positive nodal location which
had a nonzero velocity.

Measured velocities for the solid cube and 3rd order Menger configuration are shown in Fig. 10.7c, e, respectively. FEA
predicted velocities for the same two configurations are shown in Fig. 10.7d, f. Good agreement is observed between the
predictions and the measured data. The data indicate that a true shock is transmitted by the solid cube, while a ramp wave
reaches the back face for the 3rd order Menger cube. Not shown are results for the 1st–order Menger cube, for which the PDV
traces indicate a shock reaches the back face with lower amplitude than that for the solid cube, and results for the 2nd–order
Menger cube, for which a ramp wave is observed at the back face with a steeper slope than observed for the 3rd–order Menger
cube. In both cases, the model agrees well with the measured data.

10.4.2 Phase Contrast Imaging (PCI) Results

The figure below (Fig. 10.8) shows the results of a representative impact experiment carried out at the Dynamic Compression
Sector (DCS) at the Advanced Photon Source (APS), under PCI conditions. A copper flyer plate impacts the 2nd-order fractal

Table 10.1 Parameters used for constitutive models in analysis [15–19]

Property Units Printed ABS PMMA 7075-T6 Aluminum

Density gm/cm3 1.173 1.190 2.804

Elastic shear modulus MPa 1350 2200 26,700

Yield strength MPa 105 290 420

Spall strength MPa 200 – –

EOS – reference sound speed, c0 m/s 2400 2210 5200

EOS – slope, s – 1.81 1.82 1.36

EOS – Grüneisen ratio, γ0 – 1 0.85 2.2
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Fig. 10.7 Correlation of measurements and models for 40 mm cubes, (a) test configuration, (b) section view of four items tested, (c) measured back-
face velocity for solid cube, (d) predicted back-face velocity for solid cube, (e) measured back-face velocity for cube of 3rd –order shape, (f)
predicted back-face velocity for cube of 3rd –order shape. Time is measured from impact

Fig. 10.8 PCI images of shock waves transiting a 2nd – order fractal geometry specimen under impact conditions. The shock wave (arrowed) is
transiting from left to right in the figure. The shock wave becomes curved as it interacts with the free surface of the larger void feature. The dotted
arrow is a release wave from the back surface of the central pore. The gray areas to the top and bottom are artifacts of the beamline shutter system.
The field of view is 1.7 mm squared
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specimen from left to right in the figure, at 0.303 km/s. The field of view is 1.7 mm square. Each frame is a subsequent time
step (153.4 μs), showing (a) the propagation of a planar shock wave through the smaller voids, (b) curvature of the shock front
as it interacts with the free edges of the larger void, and (c) exit of the curved shock from the back edge of the larger void.
Previous work has shown shock modulation in lattice foam structures [20], but this is the first experimental evidence of local
planar shocks propagating in fractal foam structures.

Similar structures were observed in 2-D FEA models, as shown in Fig. 10.9a–c, on which are plotted contours of non-zero
velocity (lab reference frame) for various time steps during the simulated impact experiment. However there are a number of
important differences, including the dynamics of pore collapse and the generation of release waves from the rearward-facing
surfaces of the pores. Release waves are not generally seen in the experiments with the possible exception of the large central
pore in Fig. 10.8c annotated with a dotted arrow. Quantitative discrepancies between model and experiment are most likely
due to inadequacies of the material model, including viscosity and other non-linear effects.

10.5 Discussion

The reasonable correlation between the FEA model and the experimental results for the 40 mm cube specimens provided
justification for an extensive modeling campaign to explore different fractal and non-fractal (regular) geometries under planar
impact, both in the 40 mm and 13.3 mm specimen thicknesses. It was found to be far more efficient to investigate these
different geometries via modeling than by experiment, choosing to experimentally validate only the more promising cases.
Over 100 different geometries, with various solid volume fractions and different arrangements of pores were investigated in
this way, which would have been highly impractical if carried out experimentally. The following section highlights some of
the more interesting results from these modeling runs.

10.5.1 Variation of Anvil Contact Pressure with Specimen Geometry

To assess the ability of these engineered foam geometries to attenuate shocks, a series of analyses was performed using the
FEA procedures described previously with material properties from Table 10.1. The configuration assessed is illustrated in
Fig. 10.10a. A PMMA flyer impacts the ABS target, which is in direct contact with a thin layer of PMMA that is backed by a
stiff object. A single layer of elements in the Z-direction is modeled, with Z-direction constraints imposing plane strain
conditions. Symmetry constraints are imposed on Y-normal sides of all parts. These constraints result in the model
representing a flyer, target, and anvil of infinite dimension in the Y- and Z-directions, with finite thickness in the
X-direction. The flyer and anvil are modeled as Lagrangian regions, with an element size of 0.2 mm. The target is modeled
as an Eulerian region, with element sizes ranging from 0.2 to 0.1 mm, depending on the size of features in the voids.
Frictionless contact is assumed.

Fig. 10.9 Simulations of the PCI experiment carried out at APS. Contours delineate regions of non-zero velocity (lab reference frame) at various
time steps in the simulation corresponding to Fig. 10.8a–c

54 J. E. Spowart et al.



A series of targets was assessed to determine contact pressure between the target and anvil. Targets ranged from completely
solid ABS material to open grid with less than 50% solid material. Open areas in the targets were modeled as empty voids.
Void regions in the targets were either fractal patterns of square or circular regions or were regular grids of square voids.

Time histories of contact pressure were computed by the model, spatially averaged over the entire contact surface. The
peak pressure, which generally correlated to the time at which all voids collapsed, were used as the metric for comparing
configurations. Results are illustrated in Fig. 10.10b. All configurations with voids had a lower peak contact pressure than a
solid target. At any level of solid material volume fraction, the reduction in peak contact pressure for fractal foam target is
greater than that for a regular grid target. These results provide some indication that fractal geometries may be more efficient at
mitigating shock waves due to impact than other void geometries. Assessment of additional target configurations would need
to be performed to ensure that there other void patterns are not more efficient at mitigating shock waves passing through a
target. In addition, neither the thickness nor the velocity of the impactor was varied during the modeling runs, rather the impact
conditions were fixed. It is possible that these engineered foam structures would be less effective at mitigating longer pressure
pulses. These considerations will be included in future studies.

Moreover, the typical nature of the pressure rise on the anvil face suggests a ramp wave propagating in the foam specimens,
rather than a shock wave, giving further evidence for shock mitigation in these structures rather than shock propagation. At
some distance from the impact face, the incident shock wave is attenuated down to a ramp wave which generates a rising
pressure pulse on the fixed anvil, the maximum of which is plotted in Fig. 10.10b. When quantified in this manner, it is
interesting to note that at a volume fraction of ~0.9, both the regular grid and fractal foam specimens show the same level of
shock attenuation (roughly 50%). It is only at volume fractions ~0.8 and below that the fractal foams exhibit greater shock
attenuation than the regular grids, suggesting their suitability as low-density shock absorbing structures.

An additional metric to consider is the time taken for the pressure disturbance to transit the specimen (td), compared to the
transit time for the shockwave in the solid ABS material (ts). For a specimen length L, ts¼ L/Us, therefore for the 40 mm solid
cube specimens, we predict ts ¼ 14.0 μs, using Eq. (10.1) with up ¼ 0.250 km/s. In Fig. 10.11 below, U* ¼ L/td is
plotted vs. volume fraction of ABS for various fractal and regular foam structures. Also plotted on the figure are curves for the
p-alpha [21] and Thouvenin [22] models for porous solids. The p-alpha curve was obtained via FEA numerical simulations,
using reasonable guesses for the pore compaction behavior. Thouvenin’s analysis is a 1-D analysis based on parallel plates
with thicknesses and separations which provide the same overall volume fraction as the porous material. In this instance, the
agreement with the FEA data is poor. This is most likely due to the inherently 2-D nature of the problem compared with the
1-D analytical model. Agreement with the p-alpha model is much better, especially for low porosities. As the porosity
increases towards 50%, however, it is clear that the fractal foams demonstrate much lower disturbance velocities than the
regular grid structures.

Experimental data from plate impacts are also plotted in Fig. 10.11. Although only limited experimental data are available
for the regular grid geometries, it can be seen that there is very little difference in effective velocity at a volume fraction of 0.89
(geometry shown on right) which corresponds to that of the 1st-order Menger sponge. This is not surprising since the
hierarchical geometry of the fractal foams only becomes apparent at higher fractal orders. Also apparent in these data are
systematic reductions in experimental velocities from the predicted velocities. This is primarily due to material viscosity and
other non-linear effects such as relaxation [23] that are not captured in the FEA model, combined with experimental

Fig. 10.10 Contact pressure against stiff wall, (a) configuration assessed, (b) peak contact pressure for fractal foam and regular grid confiurations
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challenges for accurately measuring disturbance transit times. For example, the vertical error bars reflect the uncertainty in
determining the exact time of impact from the high-speed video data.

The results presented above suggest that there may be reductions in both the speed and the pressure of a disturbance exiting
the back face of the fractal foams as compared to a regular (lattice-based) foams at the same volume fraction. Although figures
of merit such as these can be subjective, and depend strongly on the loading and boundary conditions, it is possible that fractal
foams may offer some advantage for shock mitigation over regular lattice structures. Furthermore, since such a structure might
also be asked to be statically load-bearing, the increased second moment of area of the fractal geometry – due to increased
mass of material at a distance from the neutral axis – would also be a benefit, especially for structures loaded under in-plane
bending.

10.6 Conclusions

The results of the current study suggest that there is an effect of pore geometry on the propagation of compression waves
through polymer specimens with engineered porosity. The ability to accurately manufacture 3-D printed objects for use in
dynamic impact experiments is clearly an enabler for this kind of study, wherein multiple different geometries can be quickly
printed and tested for their impact response. In order to rapidly increase the knowledge base of how engineered foams might
respond to shock impact, finite element modeling was used in conjunction with the experimental plate impact testing, at a ratio
of 10:1 models to experiments. In order for this approach to be useful, a careful set of experiments was conducted to measure
the shock Hugoniot of the solid printed material, allowing calibration of the finite element model. Once established, this finite
element model can be used to screen hundreds of potential geometries for their shock response. Furthermore, this approach
would lend itself to any one of the available numerical topological optimization schemes, contingent upon the development of
suitable and rigorous optimization parameters. From the current study, it is suggested that parameters such as anvil contact
pressure or disturbance velocity could be useful, as these both depend on lower-order microstructural details such as volume
fraction of solid as well as higher-order features such as hierarchical arrangement of pores vs. simple lattice structures. In this
regard, it was demonstrated that hierarchical (i.e. fractal) foams behaved more efficiently as shock mitigation structures than
did lattice structures, however, the precise origins of their dynamic response have yet to be determined. For example, it has not
yet been established whether pore size and spacing have to be of a geometrically fractal nature, or simply polydispersed.
Furthermore, it may be that the maximum ligament size, regardless of whether the geometry is fractal, governs the chosen
figures of merit, and the influence of loading duration on disturbance transit time has yet to be established. Further
experiments are planned in this direction, including the use of PCI under impact conditions to determine whether direction-
ality of shock response can be engineered into these kinds of structures, i.e. the generation of “shock diode” characteristics
where the propagation of true shocks can be accomplished in one direction but not in the opposite direction.

Fig. 10.11 Disturbance velocity, U* plotted vs. volume fraction of material for ABS fractal foam and regular grid configurations; results from FEA
modeling and plate impact experiments. Also plotted are predictions from p-alpha [21] and Thouvenin [22] models. Inset on right shows regular grid
geometry with same volume fraction as 1st-order fractal foam

56 J. E. Spowart et al.



Acknowledgements This work was supported by Air Force Office of Scientific Research, 6.1 LRIR “Novel Material Microstructures for Shock
Survivability (16RXCOR326)”, Dynamic Materials and Interactions Portfolio, Program Officers Dr. Jennifer L. Jordan, Dr. Martin J. Schmidt,
AFOSR/RT. Experiments at the Dynamic Compression Sector were performed by Los Alamos National Laboratory at Argonne National
Laboratory’s Advanced Photon Source (APS). The authors acknowledge support from the Laboratory Directed Research and Development
(LDRD) program at Los Alamos National Laboratory (Project No. 20160103DR) and DOE/NNSA Campaign 2. LANL is operated by Los Alamos
National Security, LLC, for the U.S. Department of Energy (DOE) under Contract No. DEAC52- 06NA25396. Use of the Advanced Photon Source,
an Office of Science User Facility operated for the DOE Office of Science by Argonne National Laboratory, was supported by the U.S. DOE under
Contract No. DE-AC02-06CH11357. Cleared for Public Release, Distribution Unlimited 88ABW-2018-0733.

References

1. https://en.wikipedia.org/wiki/Mudcrack. Accessed 2/8/2018
2. http://www.monkeybuddha.blogspot.com/2017/05/fractal-wood-burning.html. Accessed 2/8/2018
3. http://depositphotos.com/search/bullet-glass-st200.html?qview¼15344565. Accessed 2/8/2018
4. Mandelbrot, B.B.: The Fractal Geometry of Nature. Macmillan (1983)
5. Menger, K.: Allgemeine Räume und Cartesische Räume. I., Communications to the Amsterdam Academy of Sciences. English translation

reprinted in Edgar, Gerald A., ed. (2004), Classics on fractals, Studies in Nonlinearity, Westview Press. Advanced Book Program, Boulder, CO,
ISBN 978-0-8133-4153-8, MR 2049443 (1926)

6. http://www.wolframalpha.com/input/?i¼Menger+sponge. Accessed 2/8/2018
7. Gibson, L.J., Ashby, M.F.: Cellular Solids: Structure and Properties, 2nd edn. Cambridge University Press, Cambridge
8. Sheffield S., Gustavsen R., Alcon R.: In-Situ Magnetic Gauging Technique Used at LANL- Method and Shock Information Obtained. In: Shock

Compression of Condensed Matter – 1999, Snowbird, Utah (2000)
9. Gustavsen R., Sheffield S., Alcon R., Hill L.: Shock Initiation of New and Aged PBX 9501 Measured with embedded Electromagnetic Particle

Velocity Gauges, LA-13634-MS, Los Alamos National Laboratory
10. Branch, Brittany (private communication, April 2017)
11. Jensen, B.J., et al.: Ultrafast, high resolution, phase contrast imaging of impact response with synchrotron radiation. AIP Adv. 2(1), 6 (2012)
12. Jensen, B.J., et al.: Impact system for ultrafast synchrotron experiments. Rev. Sci. Instrum. 84(1), 5 (2013)
13. Jensen, B.J., et al.: Dynamic experiment using IMPULSE at the Advanced Photon Source. In 18th APS-SCCM and 24th AIRAPT, Pts 1–19,

W. Buttler, M. Furlanetto, and W. Evans, Editors. 2014, IOP Publishing Ltd: Bristol
14. Abaqus Analysis User's Guide, Version 6.14, Dassault Systèmes (2014)
15. Lacina, D., Neel, C.: Determination of RX-supplied, solid (no intentional voids) AM material. UDRI/AFRL draft report, December 2016
16. Nakai, K., Yokoyama, T.: High strain-rate compressive properties and constitutive modeling of selected polymers. J. Solid Mech. Mater. Eng.

6(6), 731–741 (2012)
17. Peterson, A., et al.: Dynamic Evaluation of Acrylonitrile Butadiene Styrene Subjected to High-Strain-Rate Compressive Loads ARL-TN-0648,

Army Research Laboratory, Dec. 2014
18. Steinberg, D.J.: Equation of State and Strength Properties of Selected Materials. UCRL-MA-106439 (Change 1), Lawrence Livermore National

Laboratory (1996)
19. Frank, G.: Analytic and Experimental Evaluation of the Effects of Temperature and Strain Rate on the Mechanical Response of Polymers.

UDR-TR-97-152, University of Dayton Research Institute, December, 1997
20. Branch, B., Ionita, A., Clements, B., Montgomery, D.M., Jensen, B.J., Patterson, B.M., Schmalzer, A., Mueller, A., Dattelbaum, D.M.:

Controlling shockwave dynamics using architecture in periodic porous materials. J. Appl. Phys. (2017). https://doi.org/10.1063/1.4978910
21. Herrmann, W.: Constitutive equation for the dynamic compaction of ductile porous materials. J. Appl. Phys. 40, 2490–2499 (1969)
22. Thouvenin, J.: Effect of a Shock Wave on a Porous Solid, in Proc. Fourth Symposium on Detonation, Naval Ordinance Laboratory, Silver

Spring, MD, 1965, p. 258
23. Schuler, K.W., Nunziato, J.W., Walsh, E.K.: Recent results in nonlinear viscoelastic wave propagation. Int. J. Solids. Struct. 9, 1237–1281

(1973)

10 Shock Propagation and Deformation of Additively-Manufactured Polymer. . . 57

https://en.wikipedia.org/wiki/Mudcrack
http://www.monkeybuddha.blogspot.com/2017/05/fractal-wood-burning.html
http://depositphotos.com/search/bullet-glass-st200.html?qview=15344565
http://depositphotos.com/search/bullet-glass-st200.html?qview=15344565
https://en.wikipedia.org/wiki/Special:BookSources/978-0-8133-4153-8
https://en.wikipedia.org/wiki/Mathematical_Reviews
https://www.ams.org/mathscinet-getitem?mr=2049443
http://www.wolframalpha.com/input/?i=Menger+sponge
http://www.wolframalpha.com/input/?i=Menger+sponge
https://doi.org/10.1063/1.4978910


Chapter 11
Mechanical and Thermal Characterization of Fused Filament
Fabrication Polyvinylidene Fluoride (PVDF) Printed Composites

Niknam Momenzadeh, Carson M. Stewart, and Thomas Berfield

Abstract Polyvinylidene fluoride (PVDF) is a polymer that offers a variety of desirable material properties. Its high
resistance to corrosive acids and its capability to show piezoelectric behavior are some of these properties that are attractive
to many industrial applications. Three-dimensional printing of PVDF is extremely difficult using fused filament fabrication
processes due to the large coefficient of thermal expansion of homopolymer PVDF, which results in substantial component
warping. In the present work, the effect of zirconium tungstate microparticles as a secondary phase within a PVDF matrix is
experimentally studied. Viable printing parameters and the corresponding mechanical and thermal behavior of the PVDF
composite structures based on digital image correlation tests are presented.

Keywords Additive manufacturing · Fused filament fabrication · Coefficient of thermal expansion · Digital image
correlation · Tensile test

11.1 Introduction

Additive Manufacturing (AM) is a technology in which a digital three-dimensional (3D) model is utilized to create a part
geometry by joining the constituent materials layer-upon-layer. According to ASTM F2792-12a [1], AM is divided into seven
different categories. As one of the AM categories, material extrusion is a process in which components are fabricated by
extruding molten thermoplastic material, high viscosity slurries, or low melting temperature metals through a nozzle or an
orifice that moves in x, y, z directions. Fused Filament Fabrication (FFF) is the first and the most popular extrusion-based
method that can extrude distinct materials using multiple extrusion nozzles. FFF is portable, easily scalable, and a cost
effective method which can print multiple materials through a straightforward mechanism [2].

Piezoelectricity is a material characteristic that is described as the ability of producing electrical charge when subjected to
mechanical stress or vibration (or vice versa). This property can be found in natural materials such as quartz, Rochelle salt,
topaz, bone, dentin, and hair or man-made materials like barium titanate or lead titanate. In the late 1800’s, Jacques and Pierre
Curie found that quartz crystals would generate electric charges under applied pressure. The converse effect of piezoelectric
phenomenon (stress generation by applying electrical field) was investigated by Lippman in 1881 [3]. Polymers that
demonstrate piezoelectricity generally demonstrate lower electro-mechanical coupling coefficients than their ceramic coun-
terparts, but the greater strain tolerance of piezoelectric polymers make them highly useful in certain applications. Some of the
popular applications for piezoelectric materials include energy harvesting systems, actuators, sensors [4], transducers [5],
piezoelectric motors, medial applications [4, 6], and driving vibrations [7]. PVDF is a semi-crystalline thermoplastic polymer
that has a strong piezoelectric response for the β-phase microstructure orientation. Piezoelectric properties of properly oriented
PVDF was discovered by Kawai in 1969 [8]. Due to the low cost, low melting point and potential for piezoelectric properties
[9], PVDF is an intriguing choice for use in FFF machines.

Warping deformation due to residual stresses and thermal gradients is one of the common challenges in fabrication of parts
via FFF process. The warping deformations are often caused by uneven heat distribution within a part during the printing
process and typically lead to significant dimensional inaccuracies in the fabricated components. The thermal stresses that
develop during melt solidification can prompt warping [10], but these effects are exacerbated in the presence of non-optimal
printing parameters, certain geometrical (aspect-ratio) designs, or specific material properties [11, 12] like larger coefficients
of thermal expansion. Although some research has been conducted on the theoretical modeling of warping deformations
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during FFF, there are very limited methodical studies in this field [10]. In this research, a method is presented for controlling
part warping during the PVDF printing process. In this method, zirconium tungstate (Zr(WO4)2) microparticles with a
negative coefficient of thermal expansion are added to a PVDF matrix as a secondary phase prior to filament extrusion. This
study concentrates on the effects of particulate-loading concentration on component warping. Additionally, The mechanical
and thermal characteristics of the PVDF and PVDF/zirconium tungstate specimens fabricated via FFF process are experi-
mentally probed using digital image correlation system and standard tensile testing.

11.2 Experimental Methods

11.2.1 Materials

Resin pellets of homopolymer PVDF Kynar 740 from Trident Engineering Plastics Inc. were utilized as the basic material.
A custom filament extrusion device was used in order to extrude the pellets and produce 1.75� 0.15 mm diameter filament of
PVDF. The filament extrusion head temperature for filament fabrication was set at 215 �C. Zirconium Tungstate powder from
American Elements was used as the secondary constituent for creating PVDF composite filaments. Zirconium tungstate
microparticles with negative coefficient of thermal expansion (CTE) was selected for mitigating the total CTE of PVDF
composite structures, with the intent to reduce warping issues during FFF printing. One batch of PVDF composite with 2.5%
Zirconium tungstate by volume was prepared.

11.2.2 Equipment

A Reprap Prusa i3 3D printer was used for fused filament fabrication of homopolymer PVDF and PVDF composite parts.
Filaments of materials were extruded through a Bowden extruder. All the samples were printed on a prepared bedplate that
was initially cleaned using acetone and covered by 3M blue painters tape. Materials were deposited through a sharp nozzle
with 0.35 mm diameter.

A torque rheometer machine, Intelli-Torque Plasti-Corder®, was utilized for mixing PVDF pellets and zirconium tungstate
powder. The speed was set at 10 rpm for making a mixture of homopolymer PVDF and zirconium tungstate. One batch of
PVDF composite with 2.5% zirconium tungstate by volume was produced by torque rheometer machine. Afterwards, by
taking advantage of a chopper machine, some pellet shape of particular PVDF composite were generated which was utilized in
creating PVDF composite filament via the filament extruder.

11.2.3 Processing

Samples for tensile testing were designed according to ASTMD1708 as shown in Fig. 11.1. For tensile and thermal expansion
experiments, Five and two test specimens of homopolymer PVDF and PVDF composite were examined, respectively. The
thickness of samples was 1.5 mm, which corresponded to ten deposited layers for each test specimen.
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Fig. 11.1 Schematic representation of tensile test specimens
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3D printing of PVDF and PVDF composite was the challenging part of this study. Gaps between infill and perimeters, poor
adhesion between printed layers, stringy infill, and clogged nozzle were some of the problems that were observed during
printing. By modifying the parameters and evaluating the outcomes on the printed parts, optimal parameters were obtained for
successful printing. The influences of deposition parameters on the quality and integrity of components and their mechanical
and thermal properties in different AMmethods were studied by many recherches [13–15]. Test specimens were printed under
the viable printing parameters which are shown in Table 11.1.

11.3 Result and Discussion

11.3.1 Tensile Test

Each additively manufactured FFF sample was tested in tension in a MTI universal testing machine. The crosshead velocity
was set at 0.05 inch/min and the upper grip position was incremented until fracture at room temperature. The tensile test
apparatus and a representative sample fractured after testing are shown in Fig. 11.2.

Maximum load was recorded during testing for both homopolymer PVDF and PVDF composite as shown in Figs. 11.3 and
11.4. The maximum load in homopolymer PVDF (pure PVDF) samples was 298.32 N and for PVDF composite was 195.5 N.
The results for all five tests were averaged to determine the maximum load as shown in the tables below, while the average
maximum load for pure PVDF is 276.81 N, this value for PVDF composite equals to 192.2 N. Hence, PVDF composites using
zirconium tungstate as a filler were found to have significantly lower mechanical strength than pure PVDF.

Figure 11.5 shows the load-displacement plot for all the samples. From the figure, the total energy absorption prior to
fracture in pure PVDF is much higher than that in the PVDF composites.

Table 11.1 Printing parameters

Printing parameters Value Printing parameters Value

Layer height 0.15 mm Speed (perimeters) 10 mm/s

First layer height 0.2 mm Speed (infill) 15 mm/s

Perimeters 2 Speed (top solid) 10 mm/s

Fill density 70% Nozzle diameter 0.35 mm

Fill pattern Rectilinear Nozzle temperature 210 �C
Brim 3 Bed temperature 90 �C

Fig. 11.2 Tensile testing machine grips (a), and typical sample after testing (b)
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11.3.2 Thermal Expansion Testing

Coefficient of thermal expansion (CTE) is a material characteristic that describes the length variation of that material when the
temperature is increased or decreased. If α ¼ coefficient of thermal expansion (assuming linear behavior over the probed
temperature range), ΔT ¼ Temperature differential and ΔL/L ¼ thermal strain, then the thermal expansion coefficient is as
follows:

α ¼ 1=ΔTð Þ ΔL=Lð Þ ð11:1Þ
Hence, by knowing the amount of temperature differences and thermal strain, CTE can be calculated. Although, the

majority of materials exhibit positive thermal expansion upon heating, a group of material contracts in the same temperature
change. Due to this unique feature, this group of material has essential applications in composite materials. One of this kind of
material is zirconium tungstate, with CTE around �9 � 10�6/K for temperatures ranging from 0.3 to 1443 K [16].

The coefficients of thermal expansion of both pure PVDF and PVDF composite test specimens were calculated based on
Eq. (11.1). Thermal strain in this study was measured using a digital image correlation (DIC) system. DIC is an optical
non-contact method for measuring deformation and strain. The images were taken by two Nikon D3200 Cameras. Two
speckled pattern images are shown in Fig. 11.6.

A DATAPLATE Hot Plate/Stirrer Series 720 was used as the thermal source for the CTE experiments. The temperature of
the plate was increased from room temperature to 180 �C. Samples were placed on the surface of the hot plate and a FLUKE
179 true RMS multimeter was used to measure the surface temperature of the part. Images of the surface were acquired by

Sample 1 2 3 4 5 Average
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Fig. 11.3 Maximum load for homopolymer PVDF
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Fig. 11.4 Maximum load for PVDF composite
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high-resolution digital cameras at a rate of 1 image per 10s. VIC-3D (Correlated Solutions) software was used to analyze the
captured images and to calculate the thermal strain state. The maximum thermal strain experienced for the specimens during
testing are shown in Fig. 11.7. The maximum thermal strain in PVDF composite is lower than pure PVDF.

In addition, using the Eq. (11.1) and appropriate amount of thermal strain and ΔT obtained from the experiments, the
coefficient of thermal expansion of the samples were determined as shown in Fig. 11.8.

The PVDF composite specimens had a lower CTE than pure PVDF, which means thermal deformations in the composite
are much smaller than homopolymer over the examined temperature range. Hence, it can be concluded that, adding zirconium
tungstate to homopolymer PVDF in FFF printing, will decrease the probability of deformations due to thermal warping and
residual stresses.
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Fig. 11.5 Load versus displacement plot of pure PVDF (top) and PVDF composite (bottom) specimens
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Fig. 11.6 DIC image
showing speckled
homopolymer PVDF (left),
and PVDF composite (right)
specimens used for thermal
performance testing
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Fig. 11.7 Maximum thermal strain in pure PVDF and 2.5% (Zr(WO4)2)/PVDF composite

64 N. Momenzadeh et al.



11.4 Conclusion

In the present study, the effect of zirconium tungstate on different characteristics of the components fabricated via FFF process
was investigated in the attempt to decrease the commonly encountered issue of part warping due to thermal gradients and
residual stresses. It was concluded that, although the homopolymer PVDF demonstrates a much higher failure stress than the
(Zr(WO4)2)/PVDF composite, the negative coefficient of thermal expansion of zirconium tungstate helps to lower the
effective composite CTE by approximately 20%. This influence makes zirconium tungstate a good candidate as a filler for
part fabrication using FFF 3D printing of PVDF.
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Chapter 12
Influence of an Extreme Environment on the Tensile Mechanical
Properties of a 3D Printed Thermoplastic Polymer

Jose Torres, Otito Onwuzurike, Amber J. W. McClung, and Juan D. Ocampo

Abstract Inspired by the concept of deploying 3D printers into the field to produce parts on demand, the purpose of this study
is to examine the effects of the environment on a 3D printing apparatus and its ability to produce consistent operative prints.
The inelastic deformation behavior of Poly-lactic Acid, a biodegradable thermoplastic, 3D printed in extreme environments
was investigated. The experimental program was specifically designed to explore the influence of ambient temperature
(25–40 �C) during the printing process on the mechanical performance of the printed material. In order to understand the
effects of the printing environment versus general exposure to extreme environments, samples were also printed at 25 �C and
subsequently aged in an oven at temperatures ranging from 30 to 40 �C before mechanical testing. All mechanical testing was
performed in standard laboratory temperature and humidity. The influence of the print temperature and oven aging on the
elastic modulus, yield stress, strain energy, and tensile stress are all compared. In addition, the capacity to accumulate strain
before failure is compared.

Keywords 3D printing · Environmental aging · Print variations · Poly-lactic acid · Tensile testing

12.1 Introduction

Digitally manufacturing methods, such as 3-D printing, are promoted as revolutionizing engineering design and repair. Using
advanced imaging techniques and computer-aided design, efforts are underway in the engineering and technology community
to create personalized components ranging from prototypes, repair parts, prosthetics, biological tissue, and even food. This
method of production is beneficial because parts need to be readily available on site. Logistically speaking, it is complex and
costly to ship a part that is needed for a field repair across the globe in a timely manner. Also, having parts on hand takes up
space in transportation. Space that can be utilized more efficiently through printing on site. Hence, the United States military
has moved toward placing 3-D printers with deployed troops (including in extreme environments) [1, 2].

To assure long-term durability and structural integrity of the digitally manufactured components created in these extreme
environments, a thorough understanding of the environmental effects on a 3-D printing apparatus is essential. Of particular
interest is a hostile environment where temperatures are high, as these parts will be printed and utilized in a similar setting. The
hot environment causes the filament to be heated prior to being formed into the object which may result in material properties
unlike those specified by the manufacturer.

The research objective of this study is to investigate the influence extreme temperatures on the mechanical behavior of
3d-printed polymers. The effects of extreme temperatures during printing is investigated as well as the effect of thermal aging
after the printing process is complete. Experimental results generated here will give insight into the changes in the inelastic
behavior of the polymer with prior aging time and provide a foundation for extending constitutive equations to capture the
effects of prior aging on the deformation behavior. These materials are promoted as revolutionizing engineering design but
comprehensive characterization plans are yet to be developed to understand the array of material properties that can be
produced during printing. To assure long-term durability and structural integrity of the digitally manufactured components, a
thorough understanding of the effects of the exposure to degrading environment on the mechanical behavior of the printed
material is essential.
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12.2 Methodology

This research project aims to understand the environmental effects on the performance 3-D printed polymers. To obtain
reliable comparative results, we used polymer filament printers of the same make and model, ANET A8 Desktop ED Printers
from Prusa i3. The print settings included a layer height of 0.2 mm, shell thickness of 1.6 mm and a fill density 100. A pair of
identical printers were used in this project. Two AcuRite 00613 Indoor Humidity Monitors where used to monitor the
temperature and humidity during the time of printing.

The material printed is a 1.75 mm diameter PLA (poly-lactic acid) Filament manufactured by K-Camel. The material was
printed into a dogbone shape following ASTM D638 Type IV (total length ¼ 115 mm, overall width ¼ 19 mm, gage
length ¼ 25 mm, width of narrow section ¼ 6 mm). The baseline dogbones were printed in standard laboratory atmosphere
(25 �C). The second set of dogbones was printed in an environment with an elevated temperature in sets at 30, 35, and 40 �C.
The third set of dogbones was also printed in a standard laboratory environment (25 �C) and subsequently aged at 30, 35, and
40 �C for 5 h and 15 min to match the amount of time that the printing process lasted for the second batch of dogbones.

All three sets of polymers were tested in uniaxial tension on an MTS Criterion Model 43 with a 30kN load cell. All tests
were conducted in crosshead control mode with a rate of 0.01 mm/sec. Strains were measured using an MTS Model 634.11
Axial Extensometer. Reported strains and stresses following the engineering definitions, strain¼ change in gage length/initial
gage length and stress ¼ measured force/initial cross sectional area.

12.3 Experimental Observations

Specimens were subjected to displacement-controlled tension-to-failure tests at 25 �C at a constant displacement rates of
0.01 mm/sec. At least three samples were tested at each rate for each dogbone set. The axial stress–strain responses of a
representative specimen from the baseline group (printed at room temperature and not aged), group 2 (printed at 40 �C and not
aged), and group 3 (printed at room temperature and aged at 40 �C) are all shown in Fig. 12.1.

For the baseline behavior (listed as Room temperature in the figure), the axial stress–strain curves exhibit an overall
average quasi-elastic slope (E) upon leaving the origin. The initial elastic modulus (or Young’s modulus) is observed to
decrease with oven aging and with printing at elevated temperature. The maximum stress values are observed to increase with
both oven aging and with printing at elevated temperature. And the strain at fracture is observed to decrease with both oven
aging and with printing at elevated temperature. Current work will result in graphically compiling the results of printing at
each of the elevated temperatures in one figure. In addition, the analysis will compile the results of aging at each temperature
all in one figure.

Ongoing analysis is quantifying the observed differences in the monotonic tensile behavior in the three sets of conditions
outlined above. The elastic slope will be measured from 0 to 1.5% strain. The yield stress will be measured using a 0.002
offset. The maximum stress, the strain at fracture, and the stress at fracture will also be quantified and compared. All of this
analysis will analyze the trends comparing the baseline behavior to the samples printed at 30, 35, and 40 �C. The same analysis
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68 J. Torres et al.



will compare the trends for samples printed at 25 �C and then aged for 5 h and 15 min at 30, 35, and 40 �C. The results will be
compared to elucidate which properties change due to the material being stored in an elevated temperature environment and
which properties only change when the actual printing is conducted in the elevated temperature environment.
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Chapter 13
A Framework for Estimating Mold Performance Using
Experimental and Numerical Analysis of Injection Mold Tooling
Prototypes

Suchana Jahan, Hazim El-Mounayri, Andres Tovar, and Yung C. Shin

Abstract Additive Manufacturing (AM), 3D printing, rapid prototyping, or rapid tooling refer to a range of technologies that
are capable of translating virtual CAD model data into physical model. It is executed in growing number of applications
nowadays. A wide range of materials are currently being used to produce consumer products and production tools. AM has
brought in revolutionary changes in traditional manufacturing practices. Yet, there are certain drawbacks that hinder its
advancement at mass manufacturing. High cost associated with AM is one of them. Using 3D printed tooling can provide
long-time cost effectiveness and better product quality. Additively manufactured injection molds can increase the cooling
performance, reduce production cycle time, and improve surface finish and part quality of the final plastic product. Yet,
manufacturers are still not using the printed molds for industrial mass production. Numerical analysis can provide approx-
imation of such improved performance, but, factual experimental results are necessary to satisfy performance criteria of molds
to justify the large investment into tooling for existing industries. In this research work, a desktop injection molding machine
is used to evaluate performance of 3D printed molds to develop a cost and performance analysis tool. It serves as a baseline to
predict the performance of molds in real-time mass manufacturing of consumer products. The analysis describes how
appropriate the estimation can be from any simulation study of molds, how much the scaling down of tool and molding
system can affect the prediction of actual performance, what correction factors can be used for better approximation of
performance matrices. Several “scaled down” prototypes of injection molds have been used. They have design variations as:
with or without cooling system, conformal or straight cooling channels, solid or lattice matrix, and metal or tough resin as the
mold material. The molds are printed in in-house printing machines and can also be printed online with limited charges. This
also provides an excellent demonstration of using inexpensive material and manufacturing process, such as resin to estimate
the performance of highly expensive 3D printed stainless steel molds. The work encompasses a framework to reduce overall
cost of implementing AM, by lowering time and monetary expenses during the research and development, and prototyping
phases.

Keywords 3D printing · Injection molding · Scaled down prototype · Performance comparison · Conformal cooling

13.1 Introduction

In recent years, additive manufacturing has become the buzzword in manufacturing world. People are trying to build anything
and everything with additive manufacturing, commonly known as 3D printing. With its versatile potential to build a lot of
critical and complex geometry, this technology is bringing in revolutionary changes in the manufacturing industry. But cost of
3D printing becomes a major hindrance for this technology to be used in mass production.

One of the prospective fields of application of 3D printing is in the plastic injection molding industry. The current practice
of this industry is to use traditional manufacturing operations, such as milling, drilling, grinding etc. to make the molding tools
and use them for the final production of plastic parts in the plant. 3D printing can take over the production of tools and provide
optimally designed highly effective molds that can offer long-term business benefits. But this is a difficult decision for the
mold makers to move out from their traditional practice and invest into the additive manufacturing of the molding tools. Major
difficulty lies in predicting and testing the mold before going into mass scale production. This situation led into trying out a
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low cost way to predict the mold behavior. This paper presents a solution to this situation and establishes a framework to lead
the pathway towards a cost -effective analysis and prediction tool to help taking fast decisions in molding industry.

13.2 Methodology

This paper presents a basic framework towards creating an accurate performance prediction tool of plastic injection molds and
overall plastic injection molding technique. With the advances in engineering and technology in present age, it is a common
practice to predict the behavior of any product with numerical analysis and/or computer aided simulations before going into
final production or manufacturing of the product. This is the same in the case of additive manufacturing too. But, additive
manufacturing or 3D printing being a new technology, there are not yet enough industrially available simulation software
packages that can predict all the steps and patterns related with this process in a comprehensive manner.

In the effort to create a comprehensive performance prediction tool, an intermediate analysis tool is needed to be
developed, which can use the results available from currently existing simulation tools, match the results with experimental
tests, analyze the effects of different correlated factors and finally provide a comprehensive and more accurate prediction of
the process.

To predict the performance or behavior of a final product, it is possible to follow two different methods:

1. Using numerical modeling.
2. Using experimental testing on full scale or scaled down prototypes

13.2.1 Predict Using Numerical Modeling

This is the method that uses numerical simulations, FEA modeling of different types to predict different types of behavior of
the mold and the final product. Currently, there are different simulation tools, but they are not comprehensive for 3D printed
molds. So, we can do a number of various types of simulation, do some experimental testing, and then find out a trendline on
how the simulation results matches or varies from experimental output and if there is a trend on how that varies with some
related factors, and if there is some correlation between the result variation and those factors. All these results can finally lead
to a more accurate prediction of mold behavior.

An example of prediction using numerical modeling can be shown from published research work of the authors [1]. This
includes a simple transient thermal simulation on a plastic injection mold and predicting the total cooling time. The simulation
predicts that in industrial setup, a plastic bottle cap made of polypropylene will take 28.25 s to cool down to 50 �C. While in
the experimental testing within the actual industrial circumstances, the cooling time is measured to be 30s. Though this less
than 2 s difference seem to be very insignificant, but it is very crucial for industry in mass production. It is necessary to
establish a technique that reduces the 5% variation in numerical and simulation results for the industries to compete in todays
business world.

13.2.2 Predict Using Prototypes

The aforementioned prediction model in the previous paragraph has an inherent difficulty within itself. To create an accurate
trendline between experimental and simulation results, we need to create the full-size 3D printed molds and test them in actual
industrial size injection molding machines, these are highly expensive, both the full size printed molds and also the molding
machines. To minimize this difficulty, the easier prediction tool utilizes a smaller scale molding machines, small or scaled
down molds and respective simulation tools. If anyone has a simulation model for analyzing larger molds, it’s quite easy to
analyze the smaller size molds too. But the difference comes in the cost savings in terms of the physical tools. This prediction
technique involves identifying the experimental and numerical results of the scaled down mold, comparing them to the full-
size molds numerical and experimental results, and trying to find out whether or not there are relations between full scale and
scaled down models. It is expected to find a trend on how the smaller mold behaves and how the larger mold behaves and so
on. The ultimate goal is to create such a tool that can predict the behavior of full size industrial mold from a smaller size
simulation and/or in house experimental results.
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Using a desktop mini injection molding machine, as shown in Fig. 13.1, it is possible to experimentally test a number of
scaled down 3D printed molds. In the following sections, we will try to demonstrate a framework for design of experiments
that uses these techniques and finally can provide accurate predictions of mold performances.

This paper is about creating the framework. Our future publications will include all the results that we can obtain using the
prediction models. But we have some initial results, that can help to identify and illustrate the actual working model of the
ongoing project.

13.2.3 Design of Experiments Framework

In the previous section, we have demonstrated just the basics of creating the comparison baseline, that can pave the way of a
more comprehensive analysis framework. For this, we need a lot more results, both experimental and numerical. A number of
Design of Experiments (DOE) are planned to establish a comprehensive analysis and prediction tool. The details of the design
of experiments are mention below.

13.2.3.1 Design of Experiment 1

Purpose Identify the effect of mold material.
This DOE is designed to identify if tough resin plastic prototypes can serve as a substitute for stainless steel prototype. And

if, we also need to find a trendline on the extent to which the correlation can be established. For this design of experiments, we
are printing 4 sets of molds (one set of molding tool consists of two main parts; the cavity and the core).

1. Stainless steel mold for design 1(bottle cap).
2. Tough resin mold for design 1(bottle cap).
3. Stainless steel mold for design 2(fishing bait).
4. Tough resin mold for design 2(fishing bait).

These four molds are of identical size and shape externally, maximum longitudinal dimension being 3 inch on one side. They
can fit into a simple manual desktop molding machine and product polypropylene plastic parts. These molds have straight
cooling channels inside for better cooling and part quality. While running the actual molding experiments, the cooling rates

Fig. 13.1 Mini injection molding machine
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can be varied (at least three different flow rate of coolant) to obtain large number of data sets to ensure maximum accuracy.
Hence the total number of data points would be (4 � number of different coolant flow rate).

Benefit With sufficient number of data sets, this DOE can help to identify if 3D printed tough resin molds (low cost) can
replace high cost 3D printed stainless steel ones. It will reduce the overall cost of experimental printing and predict the
behavior and performance pattern of highly expensive full size industrial level stainless steel molds.

13.2.3.2 Design of Experiment 2

Purpose Identify the effect of mold size.
We already have a full size industrial level steel mold. It is needed to be tested against some other scaled down versions.

Scale it down to two other sizes, such as 75%, 50%, and 25%. As a matter of fact, the first mold in DOE 1 (steel mold for
design 1) is the 50% version here. The molds required in DOE 2 are:

1. 100% size stainless steel mold for design 1
2. 75% size stainless steel mold for design 1
3. 50% size stainless steel mold for design 1
4. 25% size stainless steel mold for design 1

After we have all four molds, we will test them both experimentally and numerically. From previous studies, it is known to the
authors that the experimental and numerical results do not match well [2–7]. There is about 5–10% difference between them. It
is required to find if there is a trend on how the variation works, and if there is a correlation between the sizing. For example, is
it possible to find, say, the variation is 5% in full size molds, but 15% in 25% scaled down molds.

Benefit The benefits are twofold. First, by identifying how different the simulation results are from the experimental results,
we can predict how the actual industrial results will be for other different molds in real life scenario. Second, if we can identify
a trend between the variations at different sizes, we can just predict the performance of full size mold by from just
experimental and simulations on very smaller size molds. This tremendously decreases the production cost and design and
development stage cycle time.

13.2.3.3 Design of Experiment 3

Purpose Identify the effect of cooling channels.
This DOE is to see if a simulation tool can predict accurately how much does the cooling channel affects the cycle time and

overall production cycle in injection molding. Currently existing injection molding tools are typically manufactured using
traditional milling, drilling, grinding etc. operations, and most importantly cannot contain any sort of conformal cooling
channels. Conformal channels have better cooling potentials for molding tools can be incorporated into mold by 3D printing
process. To identify what type of cooling channel can serve the purpose best, we will design and analyze the following molds
in the same overall size:

1. Stainless steel mold for design 1; no cooling channel.
2. Stainless steel mold for design 1; straight cooling channel.
3. Stainless steel mold for design 1; conformal cooling channel type1.
4. Stainless steel mold for design 1; conformal cooling channel type2.
5. Tough resin mold for design 1; no cooling channel.
6. Tough resin mold for design 1; straight cooling channel.
7. Tough resin mold for design 1; conformal cooling channel type1.
8. Tough resin mold for design 1; conformal cooling channel type2.

These molds can be tested both experimentally and numerically. Moreover, in numerical analysis we can run a number of tests
with varying designs of conformal channels size, shape and cross section and hence identify the optimum design.

Benefits This DOE will provide in-depth information on the optimum cooling technique for injection molds. With sufficient
resource and technique time, it is possible to analyze very different design and options of cooling and provide design specific
optimal design rules for the mold designers.
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13.2.3.4 Design of Experiment 4

Purpose Identify the effect of coolant fluid.
Experimentally we can use only a few coolants due to time and resource limitations. But while applying computer aided

engineering, it is possible to test a number of coolants. The basic idea is to run experiments and simulations for limited number
of molds (4) and find a trend on how the results relate and then based on other simulations with other coolants, predict the
behavior and performance of those coolants to be used in practical industrial setup.

Following three molds will be used for experimental testing, with compressed air and water, hence 6tests in this DOE.

1. Stainless steel mold for design 1; straight cooling channel.
2. Stainless steel mold for design 1; conformal cooling channel type1.
3. Stainless steel mold for design 1; conformal cooling channel type2.

Benefits This DOE provides significant information on the properties, application, advantages and disadvantages, feasibility
and behavioral predictability of different number of coolants in injection molding, which cannot be tested in practical
scenario. Once we can establish that one fluid is optimum and feasible in certain condition, it becomes much easier from
the business perspective to take any investment decision, such as changing cooling system in the industry.

13.2.3.5 Design of Experiment 5

Purpose Identify the effect of plastic material (the one for the final product).
This DOE is based on traditional simulation technique. To predict the behavior of a final product, it is common practice to

create a simulation of the same and test it. For example, if a polypropylene plastic ball needs to be manufactured using
industrial plastic injection molding machine, we should first simulate the same conditions in a computer aided simulation
scenario and see how it works and take significant design decisions based on that. So, in this DOE a number of popular a
highly consumer plastic materials are tested in simulation scenario and predict their behavior in industrial level. Moreover,
with the help of inhouse desktop molding machine, we can use an intermediate prediction tool to estimate the products
performance more accurately. Hence this DOE calls for both experimental and numerical techniques. The following molds are
used for experimental study:

1. Stainless steel mold for design 1 (bottle cap).
2. Tough resin mold for design 1 (bottle cap).
3. Stainless steel mold for design 2 (fishing bait).
4. Tough resin mold for design 2 (fishing bait).

Benefits They is similar to the ones achieved in DOE. In place of coolants, it predicts the behavior of plastic product. And can
demonstrate the performance of many different plastic types without doing any inhouse experiments and hence proves to be
highly cost effective and less time consuming.

13.3 Conclusion

Although this paper does not contain any concrete technical results, it provides a working principle and framework for design
of experiments which is expected to be very helpful for the plastic injection molding industry. The authors are currently
working on the project and will discuss the results and findings of their work in future publications. With the limitation of
available simulation tools and no source of data of actual industrial level usage of 3D printed injection molds being available
yet, these DOEs will be able to provide significant information and suitable guidelines for the mold designers and molding
industry.
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Chapter 14
Effect of Processing Parameters on Interlayer Fracture Toughness
of Fused Filament Fabrication Thermoplastic Materials

Devin J. Young, Cara Otten, and Michael W. Czabaj

Abstract Additive manufacturing by fused filament fabrication (FFF) is a promising method for rapid manufacturing of
complex components for a wide variety of applications. FFF is often limited to non-structural and non-load bearing
applications due to insufficient strength and stiffness of the end-material. This is particularly true in the direction of layer
deposition, due to poor adhesion between FFF layers. Processing parameters such as extrusion temperature and print speed
have been shown to have significant effect on the mechanical performance of FFF components, but these studies have often
neglected interlayer properties. This work develops and experimental approach for quantifying the relationship between
processing parameters and interlayer fracture toughness of FFF specimens. The processing parameters considered include
extrusion and bed temperatures, extrusion speed, raster spacing, and cooling-fan speed. FFF test blocks were fabricated to
identify which parameters would best optimize interlayer fracture toughness. To measure interlayer fracture toughness,
unidirectional ABS double cantilever beam specimens were fabricated according to the parametric test matrix with guidance
from the test block results. In situ full-field thermography was used to record the specimen thermal history during fabrication.
X-ray computed tomography was used to determine the internal void resulting from varying the raster spacing. Finally, optical
and SEM fractography was used to perform post mortem categorization of specimen fracture surfaces. The fracture toughness
data measured in this study is used to develop an approach for rapid optimization of interlayer properties of FFF components.

Keywords Additive manufacturing · Fused filament fabrication · Fracture toughness · Optimization · ABS

14.1 Introduction

Fused filament fabrication (FFF) is a common additive manufacturing (AM) process used to fabricate complex components
for a variety of purposes. FFF parts are often unsuitable for load carrying applications due to reduced tensile and compressive
properties when compared to other fabrication methods [1–4]. It has been shown that optimization of processing parameters
has been successful in increasing mechanical performance of FFF parts [4–6].

Interlayer fracture properties have been largely ignored in the literature. A recent study has presented a method for the
measure of interlayer fracture toughness for FFF specimens [7]. Among the conclusions of this study was the recognition that
FFF parts have a reduced fracture toughness when compared to a neat resin specimen of the same material. It is unknown how
various combinations of processing parameters effect interlayer fracture toughness.

This work documents a parametric study performed to determine the optimal combination of processing parameters to
maximize interlayer fracture toughness. A test matrix was created considering five processing parameters. Single parameter
permutation test blocks were created to lighten the testing burden by eliminating the least significant parameter options.

14.2 Experimental Methodology

Five processing parameters were considered in the test matrix: extrusion and bed temperatures, fabrication speed, raster
spacing, and cooling fan speed. Three options are considered for each parameter. The test matrix is presented in Table 14.1.
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A test block specimen was designed to understand the effect of each parameter on interlayer adhesion. The test specimen is
a unidirectional rectangular block 1 cm� 1 cm� 6 cm. Rasters are parallel to the longest dimension. A small triangular notch
added to one end of the specimen to direct a traveling wedge between mid-plane layers and induce crack growth. A razor blade
was swiped across the notch to produce a sharper crack front.

A baseline for processing parameters was established based on the parameters used for ABS specimens used in [7]. Test
blocks were fabricated using these baseline parameters or with a modification to a single parameter. Specimens have been
fabricated using the baseline parameters (marked in green in Table 14.1), a 65% infill, 225 �C extrusion temperature, and
245 �C extrusion temperature. Three blocks were manufactured for each parameter set.

Specimens were tested on a custom traveling wedge load frame designed in house at the Utah Composites Laboratory. The
test blocks were held in a grip on one end while the wedge split the test block at the mid-plane. Applied load was measured
with a load cell in line with the direction of wedge travel.

14.3 Results and Discussion

Wedge loading of the test blocks specimens yielded a consistent loading behavior: a linear elastic portion leading up to a
maximum load value, followed by a reduction in load as a crack propagated through the midplane of the specimen. Specimens
of each parameter set showed consistent loading and fracture behavior, reaching comparable peak loads (Fig. 14.1a). Each
parameter set provided distinct loading and fracture behavior compared to other parameter sets (Fig. 14.1b). Variation of a
single parameter (i.e. extrusion temperature) also yields distinct loading and fracture behavior (Fig. 14.1c).

Of note is that all specimens have similar slopes of the initial loading curves, suggesting a consistent elastic stiffness. The
area under the loading curve is assumed to relate to the interlayer adhesion and thus interlayer fracture toughness. Better
adhesion suggests more energy is required to cause layer separation. Thus, a higher maximum load can be associated with a
higher fracture toughness value. Figure 14.1b lends credence to this theory as the baseline specimen was fabricated at a higher

Table 14.1 Test matrix for processing parameter study. It is expected that four specimens be produced for each parameter combination. Baseline
parameters are marked in green.

Extrusion temp 
(°C) Bed temp (°C) Extrusion speed 

(mm/s)
Raster spacing 

(infill %)
Cooling fan 
speed (%)

225 75 30 65 0
235 95 45 80 50
245 105 60 100 100

Fig. 14.1 Test block loading curves: (a) Overlaid loading curves for three baseline test blocks; (b) Comparison of baseline, 225 � C, and 65% infill
test blocks; (c) comparison of test blocks fabricated with different extrusion temperatures
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temperature or greater infill percentage than the specimens it is compared to. Higher extrusion temperature provides more time
for polymer chain entanglement, increasing adhesion. Greater infill percentage indicates more material bonded between layers
and requires more energy to separate them. The use of these test blocks provides a promising method of determining which
parameters will be most important for maximizing interlayer fracture toughness. Consideration of the test block results will
help reduce the testing burden by eliminating the processing parameters that have the least effect on fracture toughness.

14.4 Conclusions

Qualitative assessments of interlayer fracture toughness have been made using unidirectional test blocks fabricated from ABS
filament. Fracture in the test blocks has been induced using a custom load frame with a traveling wedge to split the test blocks
at the mid-plane. Test blocks varied one from another by the permutation of a single processing parameter. Test blocks
showed a consistent loading and fracture behavior. Mechanical response varied distinctly between blocks with different
processing parameters. Test blocks will be fabricated for the remaining parameter options. The results of the test blocks will
provide insight into which processing parameters have the greatest effect on fracture toughness and provide guidance for a
parametric study on fracture toughness of FFF specimens.
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Chapter 15
Forced-Response Verification of the Inherent Damping in Additive
Manufactured Specimens

Onome Scott-Emuakpor, Tommy George, Brian Runyon, Bryan Langley, Luke Sheridan, Casey Holycross,
Ryan O’Hara, and Philip Johnson

Abstract The laser powder bed fusion AM process has been used to manufacture beams with unique internal geometries that
are capable of increasing inherent damping in a part. The concept of the internal design is to have densely packed, unfused
powder pockets that dissipate energy via particle interaction. Four Inconel (IN) 718 beams have been tested and all
demonstrated the capability to suppress vibration 10X more effectively than a fully fused beam. The mechanism presumed
to dissipate energy and thus suppress vibration is the sliding of unfused particles. This mechanism has been associated with a
crack opening under Mode II fracture. Based on this assumption, a proportional expression has been developed as a criterion
for optimizing unfused powder locations for vibration suppression effectiveness and was validated with 3.175 mm thick
beams. This study investigates five uniquely designed IN-718 beams created via the optimizing criterion to assess accuracy of
the expression. The intent of this study is to investigate the predictability of the unfused pocket optimization criterion. The
results of this study will lead to a more robust design criterion for more complex 3D structures with improved damping
capability.

Keywords Damping · Resonance · Fatigue · Additive manufacturing · Laser powder bed fusion · Inconel 718 turbine engine
component design

15.1 Introduction

Gas turbine engine performance can be improved by weight reduction of rotating componentry. Weight reduction in modern
and next generation gas turbine engines are realized by replacing inserted airfoil and disk combinations (more often seen in
legacy fleets) with integrally bladed rotors (IBRs) which weigh significantly less. Though IBRs are great for engine
performance, the absence of airfoil-to-disk energy dissipation via friction reduces system damping and increases the
susceptibility of IBR airfoils to vibration. This makes high cycle fatigue (HCF) a more prevalent issue in IBRs and could
lead to catastrophic engine failure. Over the past two decades, the devastation caused by HCF has fostered changes in critical
component design guidelines to avoid the phenomenon. When unavoidable, however, post-design as well as operational
measures are considered for the component to sustain HCF loads [1]. Vibration suppression techniques have been sought out
as viable approaches that can be used either during or post IBR design to combat HCF issues. Investigated for a number of
years, vibration suppression studies have yielded unique techniques such as viscoelastic treatment, hard coatings (ceramic-
and metallic-based), as well as impact and friction dampers [2–13]. Each method has been proven effective; however, all have
short comings that make them less than ideal (though not totally impractical) for turbine engine applications. Some of these
short comings include weight addition and lower damage tolerances.

A recent vibration suppression option without the short comings mentioned in modern damping techniques was recently
introduced [14]. The approach uses the laser powder bed fusion (LPBF) additive manufacturing (AM) process to fabricate
beams with unique internal geometries, where the internal features are capable of increasing system damping and reducing
vibration. The concept of the internal design is to have densely packed, unfused powder pockets that dissipate energy via
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particle interaction. Four Inconel (IN) 718 beams with unique internal designs (only 1–4% of the beam volume was unfused
powder) have been tested and all demonstrated the capability to increase damping (i.e. suppress vibration) by 10X the
magnitude of a fully fused beam. Further investigation of these beams highlighted particle sliding as the mechanism of
damping, and a theory associating this motion to a crack opening under mode II fracture allowed for a criterion for optimizing
internal unfused geometries [14]. This study investigates the accuracy of the criterion for optimizing unfused geometry
locations by conducting forced-response tests on IN-718 beams with strategically placed internal pockets. A key finding in the
results highlight a need for a more robust design criterion independent of manufacturing parameters and specific dimensional
changes. The following sections describe the experimental approach, the beam designs, and the results of the theoretical and
empirical data comparisons.

15.2 Experimental Procedure

Forced-response tests are conducted on cantilevered Inconel 718 beams with the five dimensions illustrated in Fig. 15.1; note,
the beam thickness is 6.35 mm. The internal pocket dimensions and locations illustrated in Fig. 15.1 are determined via the
optimization criterion which is proportional to Mode II fracture energy release rate: i.e. the product of shear squared and crack
motion. This criterion was developed based on the assumption that the powder inside the unfused pocket is densely packed. In
other words, inside the unfused powder pocket, there is no room for stochastic particle motion [14]. The purpose of the designs
in Fig. 15.1a–d are to have beams with maximum and minimum damping influence at 2nd and 3rd bend, and the two pocket
beam (Fig. 15.1e) has maximum damping influence at 2nd bend and marginal influence (compared to max) at 3rd bend. The
results of the optimization criterion value with respect to specific beam designs in Fig. 15.1 are plotted in Fig. 15.2. In the
figure, a higher value means the beam will have more damping [14].

The excitation for the vibration test is supplied with a 27 kN Unholtz-Dickie electrodynamic shaker [11]. The shaker is
controlled with a Vibration Research VR5000 controller, and an Endevco 2271A charge-type accelerometer is used to
monitor shaker head acceleration and control voltage supple. Another instrumentation used during testing is a Polytec OFV
505 single-point laser vibrometer for velocity frequency response measurement of the test article. The velocity response from
the laser vibrometer is the data used to assess damping behavior. The data is captured via a swept sine test at a rate greater than
2 bandwidths per minute (with respect to the half power bandwidth method) for a frequency range spanning at least three
bandwidths. Damping capability is then calculated as quality factor (Q) via the half power bandwidth method [15]. The image
in Fig. 15.3 shows the setup of the described forced-response experiments.

Fig. 15.1 Five unique beam with unfused powder pockets, cross-hatched area is 51 mm inside the clamp and the beam free length is 178 mm: (a)
3rd MAX, (b) 2nd MAX, (c) 3rd MIN, (d) 2ND MIN, and (e) Two pocket
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15.3 Results

Five beams mentioned in the experimental procedure were excited with a base excitation of 0.1 G (gravitational constant
9.81 m/s). The results for Q values calculated by the half power bandwidth method are listed in Table 15.1. Comparisons of
these Q values to the damping optimization criterion values from Fig. 15.2 is illustrated in Fig. 15.4. Results of the comparison
show that the optimization theory does not support the Q values attained from the optimally designed beams. An immediate
justification could point to the thickness difference between the beams tested in this study (6.35 mm) versus previous efforts
(3.175 mm) [14]. However, a deeper investigation is required to verify that the key physics of the optimization theory holds
true.

Fig. 15.2 Damping optimization criterion results: higher number means more damping capability

Fig. 15.3 Shaker test setup with cantilever clamped beam: (a) 27 kN shaker, (b) test-setup with beam and tower
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Mentioned in previous sections regarding the optimization theory identifying pocket placement for superior damping is
that the pocket be densely packed with unfused powder. This statement is critical to minimizing the stochastic nature of
particle motion and associating the remaining, known motion to Mode II crack opening. Based on the criticality of densely
packed powder pockets, each beam is scanned using computed tomography (CT) and the internal characteristics are analyzed,
specifically at the location of pockets. With a 14 μm voxel, images like the one in Fig. 15.5 are generated and analyzed. The
image in Fig. 15.5 clearly shows that the unfused powder pocket is not densely packed: i.e. empty space, denoted by red
outline. This revelation means that the optimization theory does not apply to the tested beams because motions other than
particles sliding (similar to Mode II crack opening motion) can occur. The result of particle motion alternative to that of the
prior developed optimization theory is unpredictable inherent energy dissipation, and thus unpredictable inherent damping
capability.

Table 15.1 Damping results
for five beams with unfused
powder pockets

Beam # Bending Mode Frequency (Hz) Q

2ndMIN 3rd bend 2543.4 585

2nd bend 921.9 105

1st bend 147.7 295

2ndMAX 3rd bend 2436 70

2nd bend 864.5 211

1st bend 791.6 317

3rdMIN 3rd bend 2467 77

2nd bend 872.7 485

1st bend 141.5 283

3rd MAX 3rd bend 2432 116

2nd bend 857 429

1st bend 139.7 466

Two pocket 3rd bend 2442 64

2nd bend 844.1 156

1st bend 139.6 465

Fig. 15.4 Comparison of beam damping capability (Q) and the optimization criterion values
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15.4 Future Work

Results of this study highlighted a limitation in the applicability of the damping optimization criterion for specimens with
unfused powder pockets. Based on the results, several investigations are anticipated for future efforts. First, a generalized or
secondary criterion dealing with partially packed powder pockets with be developed. Second, strain amplitude effects on
damping capability and repeatability for beams that are not densely packed will be investigated; specifically, beams in this
study will be observed closely. Third, a detailed study of the powder application and packing density using the LPBF process
will be conducted. Influences such as strain amplitude and specimen thickness on damping capability are currently under
investigation.
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Chapter 16
Computational and Experimental Characterization of 3D Printed
Components by Fused Deposition Modeling

Koohyar Pooladvand and Cosme Furlong

Abstract This paper presents the development of methodologies to understand the effects of process parameters in 3D
printed components’ performance and geometrical characteristics, specifically distortions and residual stresses. Full-field-of-
view noninvasive optical metrology methodologies and computational simulations outline the framework of this approach.
We are developing computational models to predict the critical attributes of 3D printed parts by Fused Deposition Modeling
(FDM). We are also designing particular testing artifacts with specific shapes and geometries to conduct Non-Destructive
Testing (NDT) using full-field-of-view optical sensors, i.e., Digital Holographic Interferometry, Digital Image Correlation,
and Digital Fringe Projection. These sensors can be utilized during and after fabrication for extraction of mechanical
properties, identification of defects, and characterization of geometrical accuracies/distortions as a function of process
parameters. The knowledge gained from NDT results is used for tuning our computational models. Representative results
demonstrate the feasibility of the proposed computational-experimental approach for potential implementation into FDM
processes in order to understand the interconnection between process parameters and part performance, which eventually will
lead to improvements in the integrity, repeatability, and consistency of printed components and to reduced costs and
optimized energy consumption.

Keywords 3D printing · Computational modeling · Finite Element Method (FEM) · Fused Deposition Modeling (FDM) ·
Non-destructive testing · Non-invasive optical sensors

16.1 Introduction

One of the promising polymer-based 3D printing technologies that has been widely adopted is Fused Deposition Modeling
(FDM). In spite of its rapid development in recent years, polymer-based Additive Manufacturing (AM) is still suffering from
critical limitations including rough surface finish, uncertain dimensional accuracy, and precision, as well as low mechanical
strength and reliability of the printed components [1, 2]. Turning FDM into a leading producer of functional components
requires addressing these limitations.

In polymer-based AM, e.g., FDM, neither experimental nor numerical studies have solely been able to address the
influences of process and manufacturing parameters on part performance. On the one hand, simulations have been used to
understand the effects of process parameters on some characteristics of printed components, i.e., layer bonding, mechanical
properties, distortions, microstructures, and residual stresses [1–5]; however, effective experimental verifications are still
needed. On the other hand, well-developed nondestructive testing (NDT) procedures capable of measuring structural
properties and health are available. Methods such as Digital Holographic Interferometry (DHI), Digital Image Correlation
(DIC), and Digital Fringe Projection (DFP) enable characterization of mechanical properties, shape and geometrical
distortions, as well as porosity and defect identification [6–9].

We are proposing a method to tackle the challenges in FDM using both numerical and experimental approaches
concurrently. Our method consists of simulations that can capture the complex physics of 3D printing and can be tuned
based on nondestructive measurements of thermal and structural characteristics. These measurements consist of thermograms,
distortions, natural frequencies, and moduli of elasticity. Within our method, we are designing, simulating, printing, and
testing artifacts to investigate how different printing and manufacturing parameters, including layer thickness, envelope
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temperature, extruder temperature, heated bed temperature, feed flow rate, extruder speed, rastering, and geometries affect the
performance and quality of the artifacts. This will allow us to identify the mechanical and geometrical properties as a function
of process parameters.

16.2 Methods

In this paper, we are particularly assessing applicability and capability of combined computational-experimental approaches
to address challenges in 3D printed components. Figure 16.1 outlines our proposed methodology to eventually lead to process
optimization and performance improvement. We are studying the thermally driven phenomena in 3D printing by FDM to
understand the development of distortions and residual stresses in testing artifacts having specific shapes and dimensions. To
do this, the transient thermal distributions and flows are initially estimated and subsequently applied as loads to transient
non-linear structural simulations. We can predict the distortions and residual stresses by modifying the assumptions and
settings made in the simulations after performing experimental verifications. Such assumptions include boundary conditions,
extruder temperature, heat transfer coefficients, and material properties, as well as element types, mesh sizes, time step, and
material types.

We utilize noninvasive sensors, e.g., thermography, and optical metrology methodologies, during and after printing to
determine the temperature distributions, heat fluxes, distortions, and structural properties of 3D printed components. We
design testing artifacts to be printed under different process parameters and configurations. These artifacts are aimed to
respond predictably to excitations along their principal axes. We perform harmonic and impulse load excitations to carry out
modal analysis and transient dynamic measurements, respectively. We conduct modal analysis by Digital Holographic
Interferometry (DHI) for recording the natural frequencies and corresponding mode shapes. Moreover, the transient dynamic
measurements are made by applying different impulse excitations to the artifacts and measuring their time-dependent
vibrations for further analyses. These analyses enable the determination of structural properties such as elastic moduli,
damping coefficients, stiffness, and shear moduli, as well as deviations from the normal response that might point to
microstructural defects [7, 9–12]. These properties are related to different printing and manufacturing conditions. In addition,
distortions on printed components are measured employing Digital Fringe Projection (DFP) that helps to understand the
interconnections between parameters and the status of the printed components regarding residual stresses, distortions, and
after-fabrication evolutions.

Computations Experiments

•  Process
    Optimization

•  Performance
     improvement

•  Simulation of thermal
    problems for 1D, 2D, and
    3D

•  Simulation of thermo-
    mechanical problems for
    2D and 3D

•  Prediction of distortion
    and residual stresses

•  Comparison with
    experimental results to
    justify the numerical
    solutions

•  Full-field optical sensors
    for temperature and
   distortion measurements

•  Print specific pieces
    under different
    combinations of process
    parameters

•  Ascertain the effects of
   different process
   parameters

•  Find, set, and evaluate
    the most suitable
    parameters

Fig. 16.1 Framework of the combined computational-experimental methodology to study FDM processes. Methodology will enable research
toward understanding process parameters and part performance
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16.2.1 Thermo-Mechanical Modeling and Estimation of Distortions and Residual Stresses

Simulations are done by numerically solving partial differential equations of two different physics: Eq. 16.1 for a nonlinear
transient thermal [1, 13], and Eq. 16.2 for a nonlinear structural [14],

∂ρu
∂t

þ V :∇ρh ¼ ∇: κ∇Tð Þ þ _q , ð16:1Þ

Δε tott ¼ Δε et þ Δε tht þ Δεpt , ð16:2Þ
where t is time, u is internal energy, ρ is mass density, V is velocity vector, h is enthalpy, κ is the thermal conductivity, T is
temperature, and _q is volumetric heat generation. In Eq. 16.2, ε is strain tensor, superscript e indicates elastic displacement,
p plastic, th thermal, and tot total strain., and subscript t is time. Δ indicates the incremental change in each component of the
strain fields.

Figure 16.2 illustrates our approach for simulation of the deposition in Cartesian coordinates. Deposition starts by
progressively laying sets of elements in the directions shown in Fig. 16.2a. For example, as in Fig. 16.2b, deposition starts
when the extruder moves from right to left on the first layer and reversely on the next layer above. This process is repeated
until the final layer is deposited after which the model continues in order to simulate the cooling processes and the removal of
the part from the heated bed located underneath the first layer.

The half-length of the beam is modeled by assuming symmetry with respect to the y-z plane, which is located at the origin.
Models consist of two different physics, thermal and structural, with the same geometry but different corresponding material
properties and element types. The general geometry with the applied boundary conditions is shown in Fig. 16.2c. Represen-
tative results, Fig. 16.3a, b, show the contours of temperatures and deformations at different times during simulations. In these
simulations, the part is not rigidly attached to a heated bed at the bottom and acts similar to a cantilever beam fully constrained
at one end.

We also included contact elements to simulate bonding between the heated bed and the printed component. Considering
this bonding enables one to simulate the peeling of the part from the heated bed due to the accumulation of residual stresses
and distortions. Figure 16.4 shows representative results illustrating the prediction of distortions and peeling as well as stress
distributions in three directions. We intend to use simulations to verify and compare distortions between predictions and those
in actual printed components.

Fig. 16.2 3D finite element and schematic representation of the layer-by-layer deposition strategy: (a) sequential deposition of sets of elements
within a current layer, with each active set (in purple) laid in time increment dt; (b) sequences of bottom-up deposited layers simulated as built up in a
3D printer; and (c) representative boundary conditions for thermal and structural analyses
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16.2.2 Experimental Measurements and NDT

16.2.2.1 Thermal Characterization and Tuning by IR Imaging

An Infrared (IR) camera shown schematically in Fig. 16.5a is used to measure the surface temperature and capture the
thermograms in-situ. We use these measurements for tuning our developed numerical models as described in [13]. For
example, Fig. 16.5b represents an achievable agreement between estimated and measured temperatures for different instances
during fabrication along a vertical line on the surface of a cylinder with diameter and height of 5.0 � 0.3 mm and
50 � 0.09 mm, respectively.

Fig. 16.3 Representative computational results corresponding to four instances during manufacturing of a beam including 33% completion, 66%
completion, the instance of laying the last set of elements, and the moment part reaches room temperature, respectively from left to right:
(a) temperature distributions; and (b) resultant deformations

Fig. 16.4 Computationally predicted contour plots of three principal residual stresses, σx, σy and τxy at four critical instances, including end of
printing, end of controlled cooling attached to the heated bed, removal from the heated-bed, and after reaching room temperature. Simulations can be
used to predict peeling of the part from the heated bed
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16.2.2.2 Design of Testing Artifacts

We use the concept of a cantilever beam to design testing artifacts with geometries similar to those shown in Fig. 16.6a–c. We
parametrize our designs such that it is possible to alter their geometrical, structural, and physical properties from one to
another. For each of them, we utilize computational models using finite element method to obtain their corresponding natural
frequencies and mode shapes. Representative estimations of the first bending modes for three selected designs are illustrated in
Fig. 16.6d. We relate the geometry and shape to structural characteristics and subsequently study the effects of specific process
parameters through experimental investigations by modal and impulse excitation analyses.

16.2.2.3 Structural Analysis by NDT Testing

Testing artifacts similar to the ones shown in Fig. 16.6b are used to characterize mechanical and structural properties of
components printed with different process parameters. High-speed 3D Digital Image Correlation (HS-DIC) and Digital
Holographic Interferometry (DHI), similar to ones shown in Fig. 16.7a, b, respectively, are used for these purposes.

Fig. 16.5 (a) Schematic of the IR camera monitoring the fabrication processes in-situ; and (b) representative results of the agreement between
numerically estimated and experimentally measured temperatures along a vertical line on a cylinder with diameter of 5.0 � 0.3 mm and height of
50 � 0.09 for different instances

Fig. 16.6 Representative designed testing artifacts for NDT: (a) schematic of a basic cantilever design; (b) three different printed testing artifacts
based on (a); (c) solid models of the designs; and (d) modal analyses showing the first bending modes of (c)
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Testing artifacts are studied under steady state and transient loading conditions. Steady-state responses are investigated
with DHI while the load is applied with a piezoelectric shaker by sweeping the excitation frequencies in order to identify
resonance conditions. Transient investigations are performed with HS-DIC, which is setup to capture the high-speed
displacements of the testing artifacts due to impact loads in axial and flexural directions. These two loading conditions
yield such properties as moduli of elasticity, Poisson’s ratio, and damping that correlate with printing parameters. Due to the
unique design of the testing artifacts, their responses are predictable by analytical and numerical solutions. For instance, an
analytical solution for a simple cantilever beam, Eq. 16.3, relates natural frequencies to the moduli of elasticity as well as to its
physical properties and geometry. In our investigations, we perform uncertainty analysis to obtain a level of understanding on
the accuracy of the parameters that are recovered experimentally, as shown in Eq. 16.4.

E ¼ E ρ;ωn; L; hð Þ ¼ ρ
12� ωn � L2

β � h2

� �2

, ð16:3Þ

δE ¼ δρ� ∂E
∂ρ

� �2

þ δωn � ∂E
∂ωn

� �2

þ δL� ∂E
∂L

� �2

þ δh� ∂E
∂h

� �2
( )1

2

, ð16:4Þ

where, ωn is natural frequency, ρ is density, L is the length, and h is height. Constant β is 1.015 for the first bending mode.
Furthermore, noninvasive measurements of shapes and distortions are critical to our method, and we perform instantaneous

as well as time-lapsed measurements by Digital Fringe Projection (DFP). These measurements provide information of
deformations and distortions of components during and after fabrication.

16.3 Representative Results

We performed measurements of distortion of 3D printed components similar to the one shown in Fig. 16.8a, which shows that
after printing, the part continues to deform due to stress relaxations. Measurements illustrated in Fig. 16.8b began immediately
after printing of the object and recorded distortions under laboratory conditioned for 10 h using Digital Fringe Projection
(DFP). The deformation shows an average exponential behavior, which is to be investigated as a function of process
parameters.

To illustrate the variability of the mechanical properties as a function of process parameters, we printed samples similar to
those shown in Fig. 16.6b. Two process parameters were varied, including printing speed as well as printing orientation.
Representative results, shown in Table 16.1, correspond to a cantilever beam similar to design (1) of Fig. 16.6b with length,
width, and thickness of 70� 0.25 mm, 30� 0.25 mm, and 6� 0.09 mm, respectively. The corresponding natural frequencies

Fig. 16.7 Experimental setups for NDT of testing artifacts: (a) 3D DIC with ultra high-speed stereo cameras, lighting, imaging optics and excitation
apparatus; and (b) lensless DHI equipped with high-frequency piezoelectric shakers
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were measured by DHI, and the moduli of elasticity were recovered using Eqs. 16.3 and 16.4. Further, deviations were
calculated relative to the properties of pristine ABS filaments.

As illustrated in Table 16.1, results show that the printing speed is significantly important. This corresponds to the effect of
energy deposition as reported by others [1, 2, 15]. Outcomes confirm the positive effect of printing speed (feed rate) on
improving the bonding between layers. Horizontal printing demonstrates elasticity close to the pristine ABS filament because
of the alignment of the filament with the axial direction of the beam; but still, the effects of better bonding due to the higher
energy deposition associated with higher feed rate are noticeable.

We also conducted impact studies on the same 3D printed part using HS-DIC. Representative results presented in Fig. 16.9
show the corresponding transient response for impact in x and y directions, respectively. These data can be evaluated using
Fourier analysis to obtain the natural frequencies and can be used to assess the health and the porosity of the part
nondestructively.

Fig. 16.8 Monitoring of the out-of-plane deformation on a component for 600 min using DFP: (a) 3D printed component; and (b) measured out-of-
plane deformation on the front surface of the sample; and (c) averaged out-of-plane displacement

Table 16.1 Recovered moduli of elasticity of testing artifacts when fabricated at varying printing speeds and orientations. Experimentally obtained
first modes of vibration were utilized. Pristine ABS filament with a reference module of elasticity of 2030 MPa was used to compute deviations

Printing speed Printing direction 1st bending ωn (Hz) Module of elasticity (MPa) Deviation from Ref., %

Fast Horizontal 299 � 5 2148.3 +5.83%

Vertical 270 � 5 1751.8 �13.71%

Normal Horizontal 294 � 5 2077.1 +2.32%

Vertical 258 � 5 1599.53 �21.21%

Slow Horizontal 291 � 5 2034.9 +0.24%

Vertical 223 � 5 1195.0 �41.13%
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16.4 Conclusions and Future Work

In this paper, we presented our efforts on the development of computational-experimental methodologies to investigate
process parameters in 3D printing by FDM and their relationship to components’ performance. Computational simulations
estimate the evolution of distortions and residual stresses in components printed by FDM during and after fabrication. A few
boundary conditions and settings are assumed to be tunable and adjustable in the simulations according to feedbacks from
experimental investigations. Optical methodologies are employed for modal, impact, and distortions analyses of the 3D
printed components with unique designs to recover structural properties and provide feedbacks for simulations.

The proposed methodologies benefitting from nondestructive testing by optical methodologies and computational simu-
lations can contribute to extending our understanding beyond the current level to improve the integrity, repeatability, and
consistency of 3D printing processes such as FDM.

Future work includes the development of more refined testing artifacts to elucidate the interrelationships between process
parameters and part performance. Further, applicability of specific nondestructive testing methodologies to interrogate
parameters such as porosity, defect detections, as well as residual stresses and distortions will be explored, and findings
will be presented in the future.

Acknowledgments This work is being partially supported by NSF award CMMI-1428921. We would also like to gratefully acknowledge the
support of the Mechanical Engineering Department of Worcester Polytechnic Institute (WPI) and contributions by members of the CHSLT.

Fig. 16.9 Representative results of axial impact on a 3D printed component by HS-DIC: (a) side view of the artifacts prepared for DIC
measurements also showing the location of the impactor; (b) displacements in x-direction, u, for 35 msec; and (c) displacements in y-direction, v,
for 35 msec. These measurements will be utilized to study structural health of the part as well as part porosity
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Chapter 17
Linking Thermal History to Mechanical Behavior in Directed
Energy Deposited Materials

Jian Cao

Abstract Additive manufacturing is a promising process that has the capability for process optimization and materials
development of novel, multi-material and functional components of complex geometries due to the rapid and localized
directional solidification of molten metallic alloys. Directed energy deposition, an additive manufacturing process that uses a
high powered laser to melt blown metallic powder, introduces large gradients and sensitivity in thermal histories within a built
component that lead to unique phase transformations, microstructures, residual stress and anisotropic mechanical behavior.
Control of the overall mechanical behavior of DED-built components relies on control of thermal history at localized areas.
Research at Northwestern University, in collaboration with Argonne National Laboratory, uses in-situ monitoring techniques
such as infrared (IR) cameras, an IR two-wave pyrometer to monitor the melt pool, and a high-powered synchrotron to capture
the phase change during build. Relationships between temperature, solidification rate and thermal gradient are made with the
resulting microstructural characteristic and mechanical behavior at localized areas of each build. Linking thermal history to
mechanical behavior of additively-built parts will lead to increased thermal control for optimal properties and open the door to
alloy development.

Keywords Additive manufacturing · Metal · Directed energy deposition · Characterization

Additive manufacturing is a promising process that has the capability for process optimization and materials development of
novel, multi-material and functional components of complex geometries due to the rapid and localized directional solidifi-
cation of molten metallic alloys. Directed energy deposition, or DED, is an additive manufacturing process that uses a high-
powered laser to melt blown metallic powder, and introduces large gradients and sensitivity in thermal histories within a built
component that lead to unique phase transformations, microstructures, residual stress and anisotropic mechanical behavior
[1, 2]. Because of simultaneous re-melting of underlying layers and surrounding areas during the process, the DED-processed
component undergoes directional solidification with grain coarsening in the build direction with the exception of the top layer
[3]. Another microstructural artifact that occurs due to directional solidification is porosity, with lack of fusion, irregularly
shaped porosity at interfaces and spherically shaped, vaporized porosity within the melt pool [4, 5]. Control of the overall
mechanical behavior of DED-built components relies on control of thermal history at localized areas.

In-situ monitoring techniques such as infrared (IR) cameras and high-speed synchrotron imaging are used to capture the
temperature during build. Experimental techniques to capture temperature are coupled with thermal models, to better predict
for the thermal history at localized areas. This paper will discuss two DED-processed materials and their relationships between
processing conditions, thermal history, structure and the resulting mechanical behavior.

Three Ti-6Al-4V cubic components were built with different laser power inputs into the melt pool [6]. A thermal model
was used to compare the solidification rate (the cooling rate within the solidus and liquidus temperatures of the titanium alloy)
at localized areas. Process parameters and material properties were inputs into the thermal model. The solidification rates were
compared to characteristics of experimentally-determined, localized porosity maps with a range of lack of fusion to
vaporization porosity. Statistically representative relationships between solidification rate and porosity size, shape, and
distribution led to predicted and meshed porosity maps and localized mechanical behavior. The localized mechanical behavior
captured the anisotropy and heterogeneity of the DED-processed titanium cubes and how build, hatch and scan directions
influence mechanical behavior at various orientations. Linking computationally-determined temperature with porosity
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structures and the resulting tensile behavior allowed for a framework that linked solidification at any point within a component
and its resulting properties [6].

DED-processing of the nickel-based superalloy, INCONEL 718 (IN718), included surface thermal monitoring using an IR
camera. Several single clads were built by varying the laser power and powder mass flow. Thermal histories of localized
points of the single clad were compared to the various scales of the resulting structure, including clad height, dilution into the
underlying substrate, dendritic spacing and Laves phases within the cross-section of the clad. Structural investigations were
linked to the micro-hardness at various points of each clad, at various cross-sectional points. These results were used to
calibrate and validate micro-hardness prediction models that use thermos-fluidic dynamic melt pool models to predict for
structure and mechanical behavior.

IN718 single clads expanded to building of thin walls, or a build with 120 layers in the Z direction but no re-melting in the
lateral directions. IR camera temperature readings of the surface were coupled with thermal models to capture temperature
histories within the build as well. Dwell time, or the amount of time that allows for cooling of the component between each
layer, was the key factor in the thin wall components. IN718 walls with no dwell time between each layer experienced an order
of magnitude slower solidification cooling rates than components with a 1-min dwell time because the 1 min dwell component
allows for complete cooling after each built layer. The large difference in thermal history led to differences in crystallographic
structure and residual strain determined with micro-Laue X-ray diffraction, with greater residual strains in the 1-min dwell
component. Differences in porosity structure between no dwell and 1-min dwell thin walls were captured by using X-ray
computed tomography of machined tensile specimens. After initial scans, the tensile specimens underwent uniaxial load with
several pauses for relaxation for tomography scans to capture the evolution of additively-manufactured induced porosity. This
work captures the links between the process parameter of dwell time with porosity and crystallographic structure and tensile
behavior.

The knowledge of how thermal history links with mechanical behavior of additively-built parts will pave the way for using
thermal control to achieve desired properties and engineered materials. The next steps will be to incorporate models that
predict microstructures and mechanical behavior into process design as a component is being built. High-speed synchrotron
imaging during the DED process can capture the formation of defects, powder scattering and entrainment and solidification
epitaxial lines in real time. The challenge of capturing physical phenomena during additive manufacturing is having the
capability of high temporal resolution metrology for solidification rates of up to 105 K/s. However, the opportunity is to use
this in-situ information to inform predictive models and control the structure during the process for defects or unique phase
transformations.
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