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ABSTRACT
Additive Manufacturing (AM) has seen rapid growth in terms of popularity, capabilities, and methods in recent years, especially in multiple material (MM) printing vital to expanding the applications of AM beyond modelling and prototyping. While small-scale systems have successfully demonstrated MM printing capabilities, Large-Format Additive Manufacturing (LFAM) instruments have remained largely limited to single-material processing. This dissertation investigates a novel method for MM LFAM printing utilizing a novel dual-hopper configuration developed for the Big Area Additive Manufacturing (BAAM) system from Cincinnati Inc. The BAAM dual hopper produces blended material transitions in-situ by switching from one material to the next. The primary goal was to characterize the material transition process through analysis of processing parameter effects on transition rate, transition length, and mechanical properties. Initial work investigated compositional analysis methods and developed a novel technique for analyzing reinforcement content. A novel framework for comparing transitions printed with different conditions was developed through normalizing by a system-specific residual volume. Multiple material transitions were printed using different screw speeds and system configurations for both an acrylonitrile butadiene styrene (ABS) and carbon fiber-reinforced ABS (CFASB) material pair and a CFABS and thermoplastic polyurethane (TPU) material pair. The analysis framework indicated that screw speed had negligible influence, but transition direction, screw design, nozzle design, and material viscosity demonstrated significant relationships with transition behavior. A mathematical model was developed and verified these observations. This suggested the transition process could incorporate site-specific properties into printed LFAM structures. Complementary investigations characterized the internal morphology, cross-sectional homogeneity, and inter-bead strength of printed structures as a function of fiber content.  The dual-hopper system demonstrated effective in-situ material switching that avoids discrete material boundaries typically found in MM-capable systems. 
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Popularly known as 3D printing, Additive Manufacturing (AM) techniques utilize a characteristic layer-by-layer construction approach to produce complete parts from digital models. Although the instruments and material feedstock may vary, they share a defining feature: the ability to produce complex geometries incompatible with traditional manufacturing methods [1-4]. This advantage has driven significant investment in advancing system capabilities such as increased size, productions speed, and multi-functionality [5-7]. Since each AM technique is typically designed for use with a single material type, a variety of instruments compatible with metal [8-12], ceramic [13, 14], polymer [15-20], and their composites [21-24] have been developed for commercial and laboratory use. Further sub-division within a general material category is also commonplace. For example, polymer AM includes Direct Write (DW) [25-28], Material Jetting (MJ) [29-31], and Material Extrusion (ME) [17, 32-37] classifications, among others. However, AM parts still have a limited role as end-use parts outside of modeling and prototyping. Despite widespread popularity among hobbyists and occasional use in custom part production [38], there is a lack of AM instruments that can maintain production speeds required for larger industry applications, partially due to the typically small build chambers [39, 40]. Mechanical performance is heavily influenced by part geometry and print orientation [41-44], and typical single-material construction further limits the use of AM for producing structural parts. To address these limitations, the development of an industry-scale AM method capable of effectively including multiple materials while maintaining high throughput is of the utmost importance [38, 39].
[bookmark: _Toc136595423]Recent Developments in Extrusion Deposition Additive Manufacturing
While other techniques like laser sintering of powdered semi-crystalline polymers have been developed [45], most polymer-based AM instruments utilize some form of ME, or Extrusion Deposition Additive Manufacturing (EDAM). Currently, the substantial interest in EDAM research could be, and has been [38, 39], expanded to an individual chapter or review paper. Instead, this section identifies available reviews and recent studies to highlight three topics important to this work: expanded material options, scalability, and potential for industry adoption. 
The most common variation for thermoplastics is Fused Filament Fabrication (FFF), which originated from the Fused Deposition Modeling (FDM) technique developed by Stratasys [46]. Due to the relatively low barrier of entry in both cost and skill, FFF systems are a popular choice for both researchers and consumers. Typically, FFF systems use common thermoplastics like acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA), but advancements in hot end construction, filament creation, and extrusion methods have also enabled printing of higher-end engineering plastics, such as polyether ether ketone (PEEK), polyether imide (PEI) , and their Fiber-Reinforced Composite (FRC) blends [23, 27, 47-51]. While AM is well-suited for producing geometrically complex structures, hazardous environments can degrade or destabilize common thermoplastics, so advancements that enable processing of PEEK, PEI, and similar thermoplastics address a critical need within AM. For example, most aerospace applications require high-temperature materials [49, 51], so one study developed a PEEK-PEI blend conducive to FFF [52]. As in most fields, expanding the material portfolio for AM techniques unlocks new application areas and encourages further technological investment.
Although scaling these technologies to an industry-ready level poses challenges, a recent study suggests that FFF and similar EDAM techniques have inherent advantages that make them compatible with the sizes required to meet industry demands [39]. The development of these Large-Format Additive Manufacturing (LFAM) systems has been ongoing for at least the prior decade, with one of the first examples being the Big Area Additive Manufacturing (BAAM) system developed jointly by Oak Ridge National Laboratory and Cincinnati Inc. [53]. Interest has only continued to grow since 2015 [54], as evidenced by the development of other thermoplastic LFAM systems [19, 55-57], a thermoset-capable LFAM system [58], and numerous investigations into the properties of LFAM-printed parts [32, 59-61]. Furthermore, companies like Thermwood now offer systems with varied footprints and additional features that enable post-print machining without removing or re-mounting the printed part [55]. These advancements have addressed, at least partially, speed, size, and final part quality limitations that plagued initial AM systems.
To further encourage industry adoption of LFAM techniques, several studies have printed and characterized FRCs using common engineering plastics, discontinuous, and continuous fiber fillers to achieved printed part strengths comparable to traditionally manufactured thermosets [62-64]. Love et al. also identified the critical role of carbon fiber in improving dimensional accuracy by reducing after-deposition warping and residual stresses that would hinder implementation in industry processes [33]. In addition to these advancements in processing capabilities, systems like BAAM offer compatibility with traditional pelletized feedstock, reducing costs and expanding material options by avoiding specialized feedstock production. Despite advanced processing techniques and expanded material options, there is still a desire and need for systems capable of printing structures using more than one material to enable multi-functional parts. Although options exist, difficulties bonding dissimilar materials is a recurring them that has inhibited their wide-spread use, especially in end-use applications.
[bookmark: _Toc136595424]Additive Manufacturing of Multiple Materials
Although these advancements in AM processing techniques have led to increased interest and a broadened application range, Multi-Material (MM) printing offers a significant opportunity to further expand AM applicability, especially in production of end-use parts. In general, Multi-Material Additive Manufacturing (MMAM) processes do not rely on pre-mixing, pre-compositing, or post-processing steps to incorporate the additional material(s) [65]. This restrictive definition separates “true” MMAM systems from those that require additional steps or instrumentation that detracts from the innate advantages of AM techniques. Given the unique challenges of developing a true MMAM system, recent investigations have generated a variety of designs spanning multiple AM disciplines. These adapted systems have demonstrated MMAM functionality and, more importantly, user-specified material placement that could be used to tailor material properties of the final structure based on location [18, 29-31, 66, 67]. Through precise control of material placement, MMAM of complex geometries with site-specific properties would provide an invaluable tool for design and production of multi-functional components [68].
While MMAM can be achieved with a variety of processes, material type frequently guides the development of a given system. In early MMAM systems, changes in materials or composition were only possible between layers rather than at any point during the printing process. Figure 1‑1 shows two possible structures from two different perspectives where the first implements a single material change and the second uses multiple changes to create a banded structure. One early MMAM system implemented a similar approach using a carousel of rotating vats containing different thermoset resins to change materials from one layer to the next [69, 70]. A more recent example is provided by Stratasys’s PolyJet (PJ) technology [71]. For example, Vu et al. utilized the Connex 350 model to investigate the influence of build orientation on the susceptibility of MM interfaces to delamination failure via T-Peel testing. Although the work demonstrated that placing material boundaries perpendicular to the build orientation improved fracture resistance, the MM specimens still failed most frequently at the material boundary [30]. Traditional metal-based AM systems have also been modified with complex powder deposition assemblies that enable MMAM. A Selective Laser Sintering (SLS) investigation utilized an advanced 
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[bookmark: _Ref133966821][bookmark: _Toc136595365]Figure 1‑1. Schematic examples of MMAM structures limited to changes between layers. The switch from the 4th to 5th layer from xz (A) and yz (B) perspectives. The bottom row illustrates a second possible design that could be used to create a banded structure, again from xz (C) and yz (D) orientations.
levelling system and custom nozzle-based powder deposition to include MM in the same layer while limiting cross-contamination [72].
For FFF-style MMAM systems, installing multiple nozzles and/or hot ends has been the most popular approach. For example, a recent instrument utilized a customized hot end equipped with five nozzles to print multi-color and MM structures [73]. This often results in similar limitations found in the previous studies, namely the ability to switch materials only between layers. Since the most common FFF thermoplastics are ABS and PLA, investigations focused on MMAM of these two materials and their composites were plentiful. Using a ShareBot NG FFF system, one study investigated the flexural performance of sandwich panel structures printed using ABS and PLA and noted weak bonding at material interfaces. Despite successful sample production, the ABS-PLA interfaces that connected the sandwich panel core to the skins were consistently the origin of failure and under-performed a single-material PLA counterpart. Interestingly, the PLA sample printed with two extruders to mimic the MM printing approach was also weaker than the PLA sample printed using a single extruder, implicating excessive cooling caused by switching extruders as a contributing factor to the poor bonding at the material interface [66]. A more recent work by Lopes et al. separated the impact of switching extruders from the polymer compatibility on final part performance using PLA, Polyethylene Terephthalate (PET), and Thermoplastic Polyurethane (TPU). As in the previous study, PLA-PLA parts printed using a single nozzle exhibited higher mechanical properties compared to PLA-PLA structures printed with multiple nozzles, which was attributed to discontinuities caused by switching extruders. When compared to the MM PLA-TPU and PLA-PET structures, however, the PLA-PLA multi-nozzle structure exhibited an improved performance, illustrating the importance of chemical affinity when thermally bonding dissimilar polymers in MMAM interfaces [74]. In another interface-focused study, Kim et al. demonstrated that interface vulnerability to delamination was heavily influenced by orientation relative to the build direction. Like with the previous PJ study, the interfaces perpendicular to build directions had an increased tensile strength compared to those with interfaces in the print direction. Additional findings indicated that the number of interfaces had a negligible influence on performance, emphasizing the importance of structural arrangement in MMAM parts [75]. Similarly, another study investigated an advanced deposition method that created an inter-penetrating pattern of material interfaces intended to increase delamination resistance. Although this technique improved performance compared to samples with a single-plane interface, the MM specimens still exhibited a lower Ultimate Tensile Strength (UTS). This study also highlighted that materials with the same matrix that differed only in reinforcement content or color additives exhibited similar bonding issues [76]. While some specialized systems have demonstrated full in-situ material switching capabilities [67, 77-80], the solutions for improved control of material switching tended to be circumstantial. Despite these developments, discrete material boundaries between dissimilar materials remains a challenging problem and frequently results in structural weak points prone to delamination and fracture, limiting the applications for MMAM systems. Thus, seamless control of material composition that either limits the influence of these boundaries or avoids them entirely retains significant interest across AM. 
As part of the push to broaden the functionality of MMAM systems, many studies have highlighted Functionally Graded Materials (FGMs) as an alternative to distinct MM construction. In general, an FGM is defined as having a defined variation in one or more spatial directions of density or composition that achieves a desired functional performance [81]. Whereas printing MM structures requires a MMAM system, FGMs have been produced using single-material AM instruments by grading density, as shown by an SLS investigation using High Density Polyethylene (HDPE) [82]. Importantly, this demonstrates that not all FGMs will be considered MM structures. Similarly, a MM structure does not qualify as a FGM unless it exhibits a clear and intentional gradient in one or more material properties or characteristics across the MM regions. While there are multiple methods for sub-dividing FGMs, the approach most relevant for this work categorizes FGM by gradient type. Formally, a stepwise FGM consists of three or more regions with differing compositions that are separated by discrete material boundaries, resulting in a multi-layered structure with interfaces between homogenous regions. Conversely, a continuous FGM exhibits a constant change in composition or microstructure with location and has no discernible interfaces or material boundaries [83]. Figure 1‑2 provides a visual comparison of stepwise (1-2A) and continuous (1-2B) patterns. Since the gradient type is determined by the method of construction and controls the final form of the part, classifying FGMs in this way connects processing methods directly to final part performance.
[bookmark: _Toc136595425]Stepwise Functionally Graded Materials
As previously shown in Figure 1‑2, a stepwise FGM consists of multiple regions that create a structural gradient in one or more material properties. Although these regions are typically homogeneous, additional gradients or structures may be present within each region so long as the overarching gradient is maintained. This concept is shown schematically in Figure 1‑3 where the intermediate regions of the stepwise FGM exhibit continuous gradients.
Typically, MMAM systems have continued to utilize layers as inherent discrete boundaries to separate the regions of a stepwise FGM, relying on intermediate material compositions or types to facilitate improved bonding at the discrete boundaries compared to solely MM structures. An excellent study by Bartlett et al. implemented a stepwise approach using a PJ system to create a gradient in elastic modulus across the exterior shell of a small-scale printed robot. By stepping through ten materials with increasing stiffness from 1 MPa to 1 GPa, the exterior shell of the robot demonstrated a superior impact resistance compared to a stiff single-material variant and reduced elastic deformation compared to the flexible single-material variant [29]. In a continuation of their MM work discussed in Section 1.3 [30], Vu et al. conducted additional T-Peel testing that compared the performance of a single-material core to a stepwise FGM core where each region represented a 20 % change in material composition. Again, the stepwise core significantly 
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[bookmark: _Ref133966855][bookmark: _Toc136595366]Figure 1‑2. Examples of the two types of FGMs. A.) A stepwise gradient showing the region-by-region progression in composition from Material A to B. B.) A continuous gradient with no discrete boundaries.
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[bookmark: _Ref133966885][bookmark: _Toc136595367]Figure 1‑3. A stepwise FGM with three intermediate regions, each implementing a continuous gradient between the discrete boundaries.
improved delamination resistance compared to a MM sample with a single-material core [31]. Unique software approaches have also been developed that enable MMAM within a given layer. Rather than using a typical boundary-representation approaches to material placement, a Stratasys-sponsored project developed a volumetric-representation approach that enabled stepwise FGM within and across layers through precise control of regional porosity and material deposition [67]. These techniques have also been successfully implemented in end-use products within the medical industry. Specifically, stepwise FGMs more closely imitate biology than single-material parts, resulting in significant interest and usage of stepwise FGMS in orthopedic and orthodontic implants [10, 84, 85]. Even outside of FFF and other EDAM systems, stepwise FGMs have been used to produce complex structures with unique properties [86-88]. Stepwise FGMs have even been utilized with LFAM systems, including one that used BAAM to print sandwich panel structures with graded cores to demonstrate the potential for cost and weight savings that FGM principles can provide [89]. In each case, the stepwise gradient functioned as intermediate stair-stepping method to disperse the transition between materials across multiple discrete boundaries, reducing their detrimental effects.
[bookmark: _Toc136595426]Continuous Functionally Graded Materials
As initially shown in Figure 1‑2A, a continuous FGM lacks the discrete interfaces characteristic of stepwise variants and instead displays constant change throughout the defined gradient. This absence of discrete interfaces provides a significant advantage over stepwise methods by removing structural weak points rather than reducing interface vulnerability. This was most clearly demonstrated in a study that utilized voxel based IJP to directly compare the tensile properties of continuous FGMs to stepwise variants. A linear continuous FGM exhibited a substantial increase in elastic modulus and UTS at the cost of ductility and fracture resistance compared to a similar stepwise part, but altering the arrangement of the continuous pattern led to an increased fracture resistance, providing a critical demonstration site-specific properties through tunable continuous FGMs [85]. Another study demonstrated similar success applying sequential MMAM techniques to IJP of biopolymer materials to create continuous FGMs that ranged in size from millimeters to meters while maintaining location-specific material deposition, again highlighting the complementary nature of continuous FGMs with site-specific properties [90]. Innovative FFF solutions for reliable MMAM of continuous FGMs have also recently been made available. Utilizing a Cyclops hot-end to simultaneously extrude two different filaments through a single nozzle, Leoni et al. designed and printed a custom headphone with a continuous gradient from PLA to TPU providing the necessary rigid outer shell and cushioned interior [91]. A similar study by Alkunte et al. used a Zmorph FFF desktop printer to build tensile specimens with continuous FGMs. As expected, tensile performance and fatigue behavior were dependent on the relative ratios of the two materials, suggesting that the continuous pattern could be used to tune mechanical performance based on the desired application [77]. MMAM of FGMs, especially the continuous variants, provides an important pathway to production of complex geometries with site-specific properties. The adaptability of AM systems has led to the development of systems capable of continuous FGM production only recently, and most options exist only for small-scale systems. Since throughput has been identified as one of the primary hurdles in industry adoption of AM for end-use part production, the development of similar solutions for LFAM systems should be considered critical for the continued growth of the AM field.
[bookmark: _Toc136595427]A Multi-Material Big Area Additive Manufacturing System
The BAAM at Oak Ridge National Laboratory (ORNL) is a customized LFAM system for thermoplastic processing with similar components to injection molding and other Single-Screw Extrusion (SSE) processes. An automatically loaded hopper supplies pelletized feedstock to the entrance of a heated cylinder (barrel) equipped with a rotating extrusion screw, which conveys material to the only exit. During transport, thermal and mechanical energy from the rotating screw consolidates the pellets into a uniform polymer melt, enabling stable material extrusion through an attached nozzle or mold. When compared to FFF and FDM techniques that rely almost entirely on thermal energy to induce melting in pre-consolidated filamentized materials, SSE significantly increases material throughput and makes thermoplastic LFAM feasible. Although the extrusion mechanism differs, BAAM functions like small-scale counterparts: an xy-translating extrusion head deposits material onto a z-translating print bed to build parts one layer at a time, as specified by associated G-code. Like most AM systems, BAAM printing remains a function of multiple parameters, including thermal conditions, slicer settings, component design, and material properties. For the BAAM, material extrusion is a function of both thermal conditions and screw rotational speed in rotations per minute (RPM). While there are five temperature zones fine-tuned to achieve a steady melt and high-quality bead deposition, thermal conditions are typically simplified to the final melt temperature and bed temperature. As demonstrated by initial studies discussing and characterizing BAAM, this design increased build sizes, improved production speeds, and reduced costs [53].
Although other avenues to improve LFAM performance have been explored by incorporating additional sensors or capabilities [55-57, 92], the recent developments in MMAM emphasized the need for an LFAM system with similar MM capabilities like those discussed in Section 1.3. In pursuit of this goal, an ORNL-based team adapted the existing BAAM system with a dual-hopper configuration that enabled in-situ material switching. The dual-hopper design induces a discrete material change prior to the barrel connection and then utilizes SSE process to  blend the material boundary into a bi-material transition region similar to a continuous FGM, which can be included within the printed structure [18]. Shown in Figure 1‑4, this design avoids problematic discrete interfaces and print stoppages while also offering potential continuous FGM printing capabilities. Understanding the mechanics of and influences on this transition region provides a possible road to site-specific properties through an LFAM system, addressing a significant area of need within AM.
[bookmark: _Toc136595428]Possible Influences on Dual-Hopper Transitions
While the material transition produced by the dual hopper will clearly be influenced by material compatibility, the multitude of adjustable parameters in an AM system are also likely to play a role in transition behavior. Since BAAM thermal conditions are material
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[bookmark: _Ref133966936][bookmark: _Toc136595368]Figure 1‑4. The BAAM dual hopper system with components labelled.
specific and difficult to rapidly adjust, it was necessary to investigate material pairings with compatible thermal processing conditions and melt temperatures to ensure viscous flow was maintained throughout deposition of the bi-material transition region without exceeding pressure limitations of the system [60]. While settings such as bead geometry affect how the material transition manifests, the most influential setting was expected to be the rotational speed of the screw. Since volumetric throughout in SSE is influenced by both material viscosity and screw speed (discussed in greater detail in Chapter 3), the blending behavior could reasonably be expected to change with screw speed and the relative material viscosities. Furthermore, the design of BAAM components will likely influence the mixing behavior within the bi-material region, which could alter the overall functional shape of the transition. Finally, material properties were also expected to influence the material transition, particularly the difference in material viscosity. These possible influences are most easily observed by analyzing the shape of the transition between materials, which is defined by the change in material composition as a function of physical deposition length or extruded volume. Figure 1‑5 compares three possible transition curves to the “ideal” (red) transition that would occur if the step-change in material were not blended during extrusion. First, line A (green) represents a linear transition with constant slope. While not expected, a linear continuous gradient provides a beneficial comparison. Then, lines B (blue) and C (gray) represent transitions with two different parameter sets compared to A. The comparative changes in transition progression from A to B and A to C represent possible “shortening” or “lengthening” effects due to the changes in print conditions or 
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[bookmark: _Ref133966963][bookmark: _Toc136595369]Figure 1‑5. A theoretical representation of possible transition behavior showing the change in material composition as a function of transition length that compares a step-change to A) a linear gradient, B) a non-uniform gradient that increased the transition length, and C) a non-uniform gradient with a shortened length.
parameters. This theoretical understanding is expanded upon in Chapter 3, defined using both exact terms and experimental results, and converted into a tool for analyzing changes in material transition behavior.
[bookmark: _Toc136595429]Potential Impacts of Transition Behavior
Investigating which parameters influence the location and lengths of material transitions provides essential information about how incorporating material transitions into a printed structure will influence part design and performance. For example, a given material transition that requires a set length to reach steady-state extrusion of the second material may be incompatible with the desired design that lacks “room” for the transition to occur. In addition to characterizing transition boundaries, the transition zone may also influence structural properties of the print. Ideally, the blended region would exhibit mechanical properties as a function of material composition as defined by the rule of mixtures or similar. However, incomplete material blending within the transition zone could hinder performance through non-homogenous distribution of materials within the bead cross-section or reduced layer-to-layer bonding strengths due to changing bead surfaces. As such, a discussion of material mixing in SSE is provided in Chapter 2 for improved evaluation of transition behavior. Chapter 3 then utilizes this background to discuss the elements of a printed dual hopper transition and identifies the most relevant parameters for study. The influences of these parameters are then explored in Chapter 4, and a model for material transitions is presented and analyzed. Finally, the influence of component design on mixing in the transition region was explored in Chapter 5 and the resulting impact on mechanical properties is presented in Chapter 6.
[bookmark: _Toc136595430]Material Flow and Mixing in Single Screw Extrusion
[bookmark: _Toc115255526]Unlike most small-scale FFF and similar pressure-driven AM systems, BAAM utilizes a Single Screw Extrusion (SSE) system to aid in melting and conveying of material. This feature offers several inherent advantages, including expanded material compatibility and improvements in production size and speed. However, the SSE process also introduces an additional level of complexity to the AM process due to the multiple material states, conveying mechanisms, and competing flows involved. Since summarizing all aspects of SSE typically requires full textbooks, this chapter briefly introduces typical SSE terminology, components, and some theory relevant to material mixing during BAAM dual hopper transitions.
[bookmark: _Toc115255530][bookmark: _Toc136595431]Analyzing Single Screw Extrusion of Thermoplastics
SSE systems have been utilized in industry for decades as part of injection molding instruments, plasticizing systems, and others. As the name indicates, a conventional SSE system uses a single extrusion screw mounted inside a heated cylinder, generally called the barrel, to convey material from the entrance to the exit. Material is typically supplied to the barrel entrance by a hopper and feed throat connection, but the exit can be a nozzle, mold, or other die arrangement. BAAM utilizes an extended feed throat connection that enables in-situ hopper switching and two-part nozzle assembly to form a stable thermoplastic bead for AM deposition. SSE analysis requires an understanding of the internal components, extrusion screw design, and how material is conveyed through the system. For example, location in the barrel is typically discussed as function of barrel diameters in the direction of material flow, i.e., 4 diameters (4D) down the barrel is equivalent to four times the barrel diameter from the entrance in the direction of material flow.
[bookmark: _Toc115255532][bookmark: _Toc136595432]Material Conveying in Conventional SSE Systems
Material flow through SSE systems is well-documented and generally understood by separating it into two phases. The first stage is solids conveying, which describes the transport of loose, individual pieces of material, or particulates. This applies primarily to the movement of the feedstock material from the hopper, through the feed throat, and into the barrel of the SSE. Although many issues can arise when particulates have a high compressibility or very low bulk density, ρb, typical pelletized feedstock is well-suited to SSE and exhibits plug flow prior to melting. The plasticizing zone begins when the first melt film forms on the interior barrel surface. This zone continues until a full melt develops, at which point melt conveying behavior dominates [93].
Solids conveying is typically further separated into two stages based on the driving force. Gravity induced solids conveying drives the flow of feedstock form the feed hopper into the barrel, and while the practical applications and limitations are understood, theoretical predictions remain difficult due to uncertain relations between stress and strain rates of bulk materials [94]. Within the SSE, drag-induced solids conveying compacts the pellets into a solid bed that travels down the barrel under plug flow conditions [94]. During this mechanism, there is minimal internal movement of the material, so it was not given detailed focus in this work.
The plasticating zone defines the region where the solid bed is converted into a polymer melt and typically starts between 3D and 5D down the barrel. In traditional SSE, the plasticating zone will always begin prior to the compression zone of the screw. Conventionally, this process is described by the Tadmor melting model where the extrusion screw is treated as stationary and the barrel as rotating. Under this model, melting is assumed to occur at the interface between a thin polymer melt film between the solid bed and the barrel due to frictional heating and thermal energy from the barrel heaters. Being more susceptible to flow, the melted material occupies the leading side of the flight while the solid bed remains compacted against the trailing flank of the flight. As the melt pool grows, the cross-sectional area of the solid bed decreases such that the melt film remains relatively constant while the pressure from the melt continually compacts the solid bed, reducing its width. Most importantly, this model expects a circulating flow to be maintained in the melt pool [94]. For BAAM dual hopper transitions, this circular flow could play a role in how the feedstock interface is mixed during extrusion.
While the plasticating zone may contribute to material mixing, the melt conveying zone typically begins in the compression zone and includes the entire metering section of the screw. Melt conveying is primarily a function of material properties, the flight geometry of the extrusion screw, and the rotational speed of the screw. 
[bookmark: _Toc115255534][bookmark: _Toc136595433]Material Flow in SSE
As shown in Equation 1, the volumetric output, Q, can be expressed using the number of parallel flights, p, the channel depth, H, the channel width, W, the velocity down the barrel, vbz, the pressure gradient down the barrel, gz, the material melt viscosity, η, and the system-specific form factors Fd and Fp [94].

Here, the first term is the contribution of drag flow while the second is the contribution of back-pressure flow. For a given extrusion system and screw design, p, W, H, Fd, and Fp remain constant, and the material output is dependent upon the relationship between the down-barrel velocity induced by drag flow and the counter-acting pressure gradient influence where η is the only other independent variable. Although polymer melts do not experience turbulent flow, laminar mixing occurs during SSE as either distributive or dispersive mixing due to the significant cross-channel velocity experienced in the melt pool. Consequently, the mixing history varies across the extrudate since the last portions of the solid bed to melt undergo mixing for significantly less time than the particles that initiated the melt film [94]. Extensive investigation of mixing in SSE shows that non-uniform, poor mixing should be expected in the absence of any specialized mixing sections in the screw [94]. For what mixing does occur, material viscosity still plays a critical role. Considering that the changing viscosity will be a significant contributor to changes in pressure flow within BAAM when printing material transitions, the impact of viscosity on mixing will likely be greater than in single-material extrusion.
[bookmark: _Toc136595434]Material Mixing in SSE
Two types of mixing dominate SSE processes: distributive and dispersive. For thermoplastic composite processing, distributive mixing is generally less damaging to fibers since dispersive mixing intentionally separates agglomerate particles, which disproportionately affects fibers and fiber bundles [95]. However, recent studies have demonstrated that entangled fibers resist dispersion and can lead to relatively non-homogenous morphologies that may hinder part performance, LFAM-produced and otherwise [96]. Therefore, an ideal system would be capable of fiber separation through dispersive mixing and then distribution of the separated fibers throughout the printed bead or molded part that achieves a nearly homogeneous structure or morphology. Again, Inoue et. al demonstrated that innovative screw design can drastically improve dispersive and distributive mixing during extrusion [96]. This capability suggests that screw design will be extremely important for the BAAM-printed material transitions if a homogenous cross-section is desired.
[bookmark: _Toc136595435]Recent SSE Mixing Studies
Studies on SSE, especially those investigating mixing, are ongoing. For example, a recent work investigated the impact of screw speed and design on mixing in SSE using image analysis techniques. Temperature had minimal impact on the degree of homogeneity, and a higher screw speed led to an increased variance in homogeneity, indicating a decrease in mixing and dispersion of the reinforcement [97]. In a similar study, improved mixing was achieved by introducing a short extensional mixing zone into the compression region to improve dispersive mixing properties. The results demonstrated that SSE systems equipped with this new design achieved dispersive mixing similar to traditionally superior twin screw extrusion using similar screw designs. However, the twin screw systems still exhibited superior distributive mixing compared to the SSE counterpart [98]. Finally, extensive studies that conducted full screw-pulls to capture material state at every point in the SSE system have shown that the inclusion of mixing sections in screw designs influence the distributive mixing characteristics of the system as early as the beginning of the compression zone [99, 100].
[bookmark: _Toc136595436]Fundamental Analysis of a Dual-Hopper Material Transition
As presented in Section 1.4, the dual hopper attachment for BAAM enables printing of structures that incorporate continuous FGMs through in-situ material switching. Representing this continuous change in material composition as a function of location naturally produces a shape function, or transition curve. This transition curve describes the progression from Material A to Material B using the context of the deposition process, so the characteristic behavior of dual hopper transitions was expected to be a function of processing parameters, system design, and material properties. Visual observations of test prints during system development identified three component stages or zones present in a transition curve. Further analysis of this behavior first required an in-depth, repeatable procedure for measuring transition progression via material composition. After verifying the effectiveness of three possible compositional analysis techniques, the repeatability of a material transition printed using the BAAM dual hopper configuration was assessed. By comparing the material composition at identical locations across multiple iterations of the same print design and different layers within a given print, the transition process can be shown to be repeatable if the measured composition remains consistent across samples from different prints and layers.
[bookmark: _Toc136595437]Transition Zones and Terminology
As established in previously published work, the three component stages in a dual hopper material transition were identified as a function of material composition [101-103]. Depending on the degree of mixing that occurs during the extrusion process, the apparent change in extruded material will be delayed, so an analysis of transition behavior must begin at the point of feedstock change rather than at the first change in composition of the extrudate. Therefore, a printed material transition will include both an expected blended material region and a preceding single-material region that begins where the hopper switch was conducted. Figure 3‑1 uses an example material transition to draw boundaries between regions based on the material composition of the deposited bead. The red Purge Zone, or ZP, consists of the single-material region deposited immediately after initiating the feedstock change. The following region shaded yellow characterized by a continually changing material composition was termed the Transition Zone, or ZT. Finally, the stable extrusion of 100 % Material B characterizes the third, green-shaded region, or Steady State Zone (ZS). As indicated, ZP and ZT have boundaries clearly defined by the change in either feedstock or material composition whereas ZS only has a clear beginning at the boundary shared with ZT. Since the end point of ZS depends on printed part design and any additional material switches, this analysis of transition behavior did not require identification of an end point.
As shown in Figure 3‑2, the boundary separating ZP and ZT was named LP while the boundary between ZT and ZS was given LS. This nomenclature further defines LP as the distance from the hopper switch to the end of ZP, i.e. the length or size of ZP. Similarly, LS represents the distance from the hopper switch to the beginning of ZS, measuring the length 
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[bookmark: _Ref133435254][bookmark: _Toc136595370]Figure 3‑1. An example transition curve with purge, transition, and steady-state zones.
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[bookmark: _Ref133842877][bookmark: _Toc136595371]Figure 3‑2. A schematic of a theoretical shape curve with the two boundaries, LP and LS, marked and LT indicated.
or size of the full material transition. With these definitions, it must be true that the length or size of ZT, or LT, is the difference between LS and LP, as shown in Equation 2 below.

By comparing the relative sizes of LP, LT, and LS, changes in transition behavior can be connected to changes in processing conditions. Since Chapter 2 suggests that the relative difference in material viscosities will influence extrusion mixing behavior, the direction of the material change was expected to influence transition behavior. Figure 3‑3 provides a visual example of this possibility using two arbitrary materials, A (gray) and B (Black), and reversing material transition direction from the first (A  B) to second (B  A) layer, as indicated. The hopper switch, indicated by L0, occurs the same distance from the start of each layer. Although ZT remains centered within each layer, the change in transition affected zone lengths and created different compositional gradients. Thus, zone boundaries were marked with direction-specific subscripts such that LP-A and LS-A were the purge and steady state lengths, respectively, for the A  B transition and LP-B and LS-B represented the same lengths for B  A. For the case presented in Figure 3‑3, LP-B was greater than LP-A and LS-B was less than LS-A, which necessarily reduced the size of ZT. Thus, the B  A transition exhibited a steeper compositional gradient, which can be quantified by showing that LT-B was less than LT-A. Given this potential behavior, the direction of material change was treated as studied variable in each portion of the analysis.
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[bookmark: _Ref133415667][bookmark: _Toc136595372]Figure 3‑3. An illustration of two layers printed using BAAM dual hopper to create two material transitions. An A  B transition (orange) occurs in the first layer and a B  A transition occurs in the second, as indicated.
[bookmark: _Toc136595438]Methods of Compositional Analysis
In initial studies, the location within a transition was measured as being the relative distance traveled by the extrusion head since initiating the material change, so zone sizes were analyzed in terms of meters [101, 103]. However, as will be seen in Chapters 4 and 5, quantifying transition behavior using length was difficult and risked misleading conclusions, so current and future studies used improved methods for identifying sample location. In addition to determining sample location, tracking the change in material composition necessarily required a reliable method for determining the material composition of a relatively small sample. There are a variety of well-known compositional analysis techniques, including Electron Dispersive Spectroscopy (EDS) [104, 105], x-ray diffraction (XRD) [106], differential scanning calorimetry (DSC) [107], and thermogravimetric analysis (TGA) [64, 105, 108-110], but each of these proved incompatible with analysis of BAAM-printed samples.
EDS typically requires a significant time-investment to prepare a polished sample as well as (potentially costly) access to a Scanning Electron Microscope (SEM), which was not complementary to the number of test specimens. In addition, the prevalence of carbon and other elements with low atomic numbers in thermoplastic composites would likely have hindered SEM imaging and, in turn, increased the noise present in EDS results [105]. Although a polished sample is not necessary, XRD would encounter similar issues since the technique differentiates between materials based on crystal structure, which is lacking in amorphous polymers, and relative amounts of constituent elements, of which most thermoplastic composites will have very similar element fractions [111]. Further complications develop for both XRD and EDS when considering a material transition that changes only in reinforcement content (i.e. carbon fiber) while maintaining the same polymer matrix. In this case, the extreme sensitivity of each technique may hinder resolution by disguising a change in composition in the noise generated by high carbon content. These two techniques also analyze only the exposed cross-section or surface and assume a certain degree of homogeneity. While not typically a concern, relying on a given cross-section of undefined thickness to represent a meaningful volume of the surrounding bead was undesirable.
At the simplest level, DSC and TGA utilize temperature change to identify material composition. A DSC analyzes the change in heat absorption with changes in temperature, which is often useful for determining polymer properties like glass transition temperature [61]. For TGA, the change in temperature is compared to the change in mass to determine when the constituents present begin to decompose or combust [110, 112]. Both techniques thus offer the resolution necessary to capture changes in material composition for all but the most similar materials and detect changes in only constituent content. However, sample size was the limiting factor with ASTM standards recommending specimen size be less than 10 mg [113-115]. Once again, this raised representative concerns given the typical extrudate size of the BAAM and associated feedstock. This concern was investigated in Figure 3‑4 showing the results of TGA decomposition testing. Each test run was limited to a single feedstock pellet due to mass constraints, and as a result, three tests of the same 
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[bookmark: _Ref133836503][bookmark: _Toc136595373]Figure 3‑4. TGA test results of a 20 weight % carbon fiber-reinforced ABS composite. Samples were taken from the same batch of pelletized feedstock.
batch measured a 20 wt % carbon fiber-reinforced ABS feedstock as having 17, 22, and 27 wt % carbon fiber. This variation suggested that TGA was also a poor candidate for compositional analysis, especially given the likelihood of inhomogeneous cross-sections preventing collection of a representative sample within mass constraints.
Due to these issues, ASTM D3171 was consulted for larger-scale methods of determining constituent content, which provided solutions in Procedures G and H [113]. “Matrix Burnoff in a Muffle Furnace” and “Matrix Carbonization in a Nitrogen Purging Furnace” employ a decomposition method like TGA but at a scale large enough to accommodate BAAM-printed samples. However, there remained two issues: 1) the combustion or decomposition of polymer and reinforcement could begin at similar temperatures while in atmosphere, and 2) access to or purchase of an inert-atmosphere furnace required to analyze a large quantity of samples would be costly. This motivated the development of a third procedure as a customizable alternative. Detailed below, these three procedures were utilized in an initial study and compared to determine which method would serve as the primary compositional analysis tool.
[bookmark: _Toc136595439]Carbonization in Nitrogen
Abbreviated as Carbonization in Nitrogen (CIN), ASTM D3171 Procedure H “Matrix Carbonization in a Nitrogen Purging Furnace” utilizes an inert nitrogen atmosphere to protect the constituents present in the composite while inducing thermal decomposition of the matrix. For most composites, thermal decomposition of the matrix produces residue difficult to separate from the constituent materials targeted for measurement, so the procedure also specifies a method for correctly adjusting measurements. By measuring the residue remaining after decomposition of an un-reinforced sample, Procedure H calculates a carbonization ratio (CR) of residue mass to original mass. The residual composite mass is then multiplied by the CR to separate the un-disturbed constituents from matrix residue [113]. Equations 3 and 4 provide the equations necessary to calculate CR and reinforcement content, respectively. Here, mcr is the measured mass of the crucible and residue after testing, mc is the measured mass of the crucible, mi is the dry mass of the neat specimen, Mi is the mass of the composite specimen, Mcr is the mass of the crucible and composite residue after testing, and Mc is the mass of the crucible.


In a study using CIN to determine carbon fiber content of thermoset composites, the technique successfully measured control and test samples with a less than 1 wt % deviation in reinforcement content. It also validated the effectiveness of an inert nitrogen atmosphere in preserving the reinforcing fibers by showing that they retained 99 wt % of the original mass after 60 minutes at 600 °C [116], which is supported by recently published literature [102, 103].
[bookmark: _Toc136595440]In-Air Burn-off
ASTM D3171 Procedure G, “Matrix Burn-off in a Muffle Furnace,” was also considered for measuring material composition. Termed Carbonization in Air (CIA), this method has a nearly identical approach to CIN with the primary difference being the absence of an inert atmosphere. Like with CIN, combustion and carbonization of the polymer matrix leaves residue or ash mixed with the reinforcing materials, so CIA also requires a CR to correct measurements [113]. Since CIA is intended for analysis of reinforcing materials unaffected by the temperatures necessary for combustion of the matrix, the thermal degradation of carbon fiber in atmosphere was considered. Although specific temperature resistance depended on the type of carbon fiber, a general limit of 500 °C prevented damage or degradation of most carbon fibers beyond negligible levels [117]. As such, matrices that degraded or combusted at or below 450 °C were considered compatible with CIA, which held true for initial published studies conducted for this work [101, 102].
[bookmark: _Toc136595441]Ultrasonic Assisted Digestion (UAD)
Although CIN and CIA have both been proven as reliable techniques for determining constituent content of composite materials [101-103, 113, 116, 117], using either technique to track changes in material composition could still be problematic depending on material pairings. Using the various procedures in ASTM D3171 as inspiration, a custom technique for compositional analysis was developed that was intended provide greater flexibility than CIN and CIA. Rather than utilize thermal decomposition, this technique pursued chemical dissolution of the polymer matrix, which was intended to increase process flexibility. After outlining the procedure, a solvent compatible with the materials was chosen and could be switched as needed for targeted dissolution. While the procedures in ASTM D3171 frequently use hydrogen peroxide as an accelerant for the dissolution process [113], the interactions between some solvents and hydrogen peroxide were unstable and posed safety risks. Thus, an ultrasonic water bath was implemented to replace both the hydrogen peroxide and the standard hot plate with magnetic stir bar. Submerging vessels filled with sample solutions into a sonicated bath similarly increased reaction rates by agitating the mixture with ultrasonic waves at low levels of heat. The effect was most pronounced when comparing dissolution times of samples allowed to rest in solution to those that underwent the sonication process. Whereas sonication ensured complete dissolution within twenty hours, Figure 3‑5 shows a sample set left to rest for one day (A), two days (B), six days (C), and ten days (D), demonstrating orders of magnitude faster dissolution.
Ultrasonic Assisted Digestion (UAD) first separates the reinforcing material from the polymer matrix using this sonication process. Then, vacuum filtration was utilized to capture free-floating reinforcement particles, i.e. fibers, and remove the polymer-solvent solution. By following the same mass measurement procedures outlined in CIN and CIA, UAD thus measures the original material composition of the specimen. To emulate the CR used in CIN and CIA, a dissolution ratio (DR) representing the trace amounts of dissolved material is calculated using un-reinforced control samples. As shown later in Section 3.4.5,
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[bookmark: _Ref133683364][bookmark: _Toc136595374]Figure 3‑5. A set of cross-sections left at rest in a solution of 99.9 % Dimethyl Sulfoxide (DMSO) after A) 1 day, B) 2 days, C) 6 days, and D) 10 days.
UAD offers a low-cost, low-energy, and high-throughput alternative compositional analysis technique.
[bookmark: _Toc136595442]Experimental Conditions for Component Analysis of Material Transitions
The set of experiments in this chapter were designed to investigate the repeatability of material transitions printed using the dual-hopper BAAM configuration as well as conduct a comparative analysis of compositional analysis techniques.
[bookmark: _Toc136595443]Materials
Two thermoplastic materials were supplied by Techmer Engineered Solutions as pelletized feedstock under brand names HIFILL ABS 1000 3DP (ABS) and Electrafil J-1200/CF/20/ 3DP (20 wt % carbon fiber-reinforced ABS). For simplicity, the composite material is referred to as CFABS.
[bookmark: _Toc136595444]System Settings and Extrusion Conditions
All samples were printed using the dual hopper system installed on BAAM – B at ORNL’s Manufacturing Demonstration Facility. A single g-code file was used to print a single-walled rectangle three separate times. Feedstock was dried at 85°C prior to printing. The nozzle diameter was 10.16 mm (0.4 in). The programmed layer height, bead width, and screw speed were 6.35 mm (0.25 in), 15.24 mm (0.6 in), and 300 RPM, respectively using the standard BAAM screw geometry. The resulting travel speed was 106.7 mm/s (4.2 in/s). The prints maintained typical CFABS melt (245°C) and bed (100°C) temperatures. These conditions were maintained for all prints.
To ensure material transitions were completed within a single layer, a single-walled rectangle was printed with dimensions 3.50 m by 1.52 m (11.5 ft by 5 ft), as shown by the diagram in Figure 3‑6. Guided by initial trials, step changes in material were placed at opposite corners (1 and 3) so that ZP was primarily constrained to the short ends of the rectangle and ZT was roughly centered along the long sides. Each sample set consisted of a three-step printing process where no material purge occurred between steps and the printed structure was removed from the bed. Initially, the first layer of the rectangle was deposited for compositional analysis. The full 20-layer rectangle (layer height of 6.4 mm and single-bead width of 15.2 mm) was then deposited to characterize the consistency of transitions across multiple layers. Finally, the first layer of the print was re-printed to act as the last layer in the print and assess any compounded effects of multiple transitions within a print. The first and “last” layers retrieved for compositional analysis were used to assess if any “drift” or other phenomenon resulted from repeated material switching throughout a print. This three-step printing process was conducted three times to analyze the repeatability of the hopper switch across identical structures and conditions. The material transitions were characterized using compositional analysis. Printing the same structure three times targeted the repeatability of dual hopper behavior from one print to another. Additionally, both transition directions, ABS to CFABS (A  C) and CFABS to ABS (C  A), were compared to investigate the reversibility of the process.
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[bookmark: _Ref133769560][bookmark: _Toc136595375]Figure 3‑6. A diagram showing the print path followed by BAAM when printing the material transition rectangles.
[bookmark: _Toc136595445]Sample Preparation
Location within the print was preserved through an in-depth labelling system so that the location of each sample could be traced back to the original print. Printed structures were sectioned for storage, and samples were extracted from numerous locations for content analysis.
The procedure for obtaining samples from the printed rectangles was consistent across all measurement techniques. Using a bandsaw, each single-layer rectangle was sectioned into rods of length 152.4 mm (6 in) in the print direction and labelled to indicate the order and print direction. Individual, 8.4 mm long specimens were extracted from the rods using an Isomet 1000 Precision Saw. As discussed in Section 3.2.1, sample location was defined as the distance travelled from the most recent hopper switch, or d. Eight locations were selected to capture both single-material and transition regions in the repeatability analysis. Using the diagram from Figure 3‑6, Figure 3‑7 shows the location of samples relative to the printed structure. It should be noted that color was a poor indicator of the relative carbon fiber content, as even the samples that measured less than 1 wt % carbon fiber were slightly black in appearance.
[bookmark: _Toc136595446]Constituent Content Analysis
Material composition was determined using the three compositional analysis methods outlined in Section 3.3. The weight percent carbon fiber (wt % CF) was considered representative of the material composition. Although the reinforcement content listed for the CFABS was 20 wt % CF, some variance in measurements was expected due 
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[bookmark: _Ref133770135][bookmark: _Toc136595376]Figure 3‑7. The eight locations from where samples were extracted for the repeatability study (circled in red) and images of the sample location.
to deviations in batches and accuracy of measurement techniques. To confirm CF content and obtain the CR and DR needed for Equations 3 and 4, three batches of both ABS and CF/ABS pellets were also characterized as-provided. Prior to and after testing, all compositional analysis samples were dried at 80 °C and their dry mass recorded. All mass measurements utilized a Mettler Toledo Balance, XS204 Deltarange with 0.1 mg accuracy. 
The procedures outlined in Section 3.3 and ASTM D3171 were followed for CIN, CIA, and UAD measurements. CIN used a Lindberg Blue M nitrogen tube furnace held at 565°C for five hours while flowing nitrogen and was used as the primary characterization method used in this study due to its excellent reliability [116]. CIA used an MTI KSL-1100X-S-UL Compact Muffler Furnace at 450°C for four hours. A dwell time of four hours resulted in less than 1% of residual weight from a neat ABS sample, with negligible reduction over longer durations. In place of a crucible, UAD utilized aluminum weigh pans and Whatman Grade GF/A glass microfiber filters with a 47 mm diameter and 1.6 µm pores to capture the separated residue and reinforcements. For dissolution of the ABS matrix, specimens are placed in a borosilicate glass vial and submerged in HPLC Acetone of ≥ 99.5 % purity. These vials were placed in a CPX3800 Ultrasonic Bath for at least two hours before undergoing vacuum filtration. Since these techniques were originally intended for measuring reinforcement in composite samples, the less than 1 wt % deviation in measurements occasionally resulted in un-reinforced samples having slightly “negative” fiber contents, which were treated as equivalent to 0 wt % CF. Composition measurements taken using CIN were compared to those taken using CIA and UAD to assess their accuracy and identify the best process for future investigations based on compatibility, versatility, accuracy, ease of use, and time investment. Given comparable accuracy, ease of use and time investment were prioritized.
[bookmark: _Toc136595447]Assessing Repeatability
Technique repeatability was evaluated by measuring the consistency of the sampling technique for three consecutive (essentially identical) samples at each location in Figure 3‑7. The goal of this analysis was twofold: an assessment of technique precision using the single-material samples and an assessment of compositional variance in the transition zone over a small, connected volume. Dual hopper system repeatability was measured by comparing the composition variance between layers and across prints from the locations identified in Figure 3‑7. Layer-to-layer comparisons evaluated the effects of numerous hopper switches within a single print on transition behavior while comparing three identical prints analyzed inconsistencies in overall transition behavior of the dual hopper.
[bookmark: _Toc136595448]Shape Curve Construction
Following technique and system repeatability, the construction of initial material transitions, or shape curves, was investigated using CIN, CIA, and UAD. These curves were built using fiber content as a function of travel distance and provided further comparison points between compositional analysis techniques. To find d, the distance travelled by the extrusion system from the point where the material switch was initiated was recorded for each characterization sample. In addition, shape curves from both the CF  ABS and the ABS  CF directions were compared to illustrate the effect of switch direction on transition behavior. Finally, the normalized volume method from Section 3.2 was applied to these initial curves to discuss its impact. Gantry speed was pulled from the programmed g-code for each print, and the volumetric flow rate of both materials at each screw speed were experimentally measured in accordance with ASTM D1238 Procedure A using BAAM and sample print conditions in lieu of a capillary rheometer to better measure Q experienced during printing [118].
[bookmark: _Toc136595449]Results and Discussion
[bookmark: _Toc136595450]Compositional Stability of the Material Transition
Analysis of the as-received CF/ABS pellets using CIN determined a baseline average fiber content among five sample sets of 22.0 wt % with a standard deviation of 0.2 wt %. Since literature suggests that CIN typically shows a deviation ≤ 1 wt % CF [116], the carbon fiber content was considered to be between 20 and 22 wt %.
Figure 3‑8 depicts the fiber content as measured by CIN of each of the eight locations shown in Figure 3‑7. Three consecutive samples from location were measured to obtain averages and standard deviations. The residual mass for neat samples varied such that two samples exhibited negative wt % CF due to slight degradation differences between specimens and the control, which were treated as 0 wt % fiber loading. These instances had a standard deviation of less than 0.5 wt % CF. As shown in 3-9A, each set of samples in the single-material region exhibited a low standard deviation, indicating accuracy expected of CIN. Similarly, the transition specimens in 3-9B also exhibited low standard deviations. 
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[bookmark: _Ref133777122][bookmark: _Toc136595377]Figure 3‑8. A) The average fiber content of the single material regions for both transition directions. B) The average fiber content of two locations within the transition zone from both transition directions.
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[bookmark: _Ref133778936][bookmark: _Toc136595378]Figure 3‑9. A) The average fiber content of the four locations in the CF  ABS transition from Figure 3-7 from the first and last layers printed. B) The second set of four locations from the ABS  CF transition.
These results suggest that the material transition exhibited the expected continuous behavior with minimal noise. For future testing, this supported treatment of a single 8.4 mm long sample as representative of the 25.4 mm long surrounding area. In addition to demonstrating a reliable progression of the material transition, Figure 3‑8B highlighted that the geometric middle (Position Two) was not an equivalent point in the material transition across directions. Further, obtaining samples with similar wt % CF across transition directions required testing of samples from different locations, suggesting that the material transitions were not reversible.
[bookmark: _Toc136595451]Material Transition Stability from Layer-to-Layer
[bookmark: _Hlk57036449]Using CIN, the average wt % CF was measured at each location in layers one and twenty across three prints. Figure 3‑9 shows these averages and associated standard deviations, grouped by location. Transition samples were at different locations (1.98 m vs 2.59 m) for each direction due to the observed differences in the transition behavior. Both 3-11A and B show consistent measurements with minimal deviation outside of the transition regions. Unlike 3-11B, 3-11A exhibited a significant discrepancy in the transition region. Lower fiber loading at later layers in that transition indicated a quicker transition and, thus, an overall shift in the initially defined mixed composition region. As such, the transition direction appears to have a significant impact on the transition region after multiple hopper switches were made during a single print with fiber reinforcements in one material. This could be explained by the build-up of residual fibers within the barrel of the extruder that aid in expediting the transition. Similarly, later results showed that even after fiber content drops below 1.5 % and reaches steady-state behavior, the neat ABS regions still had a visually observable fiber presence. While this could be caused by residual fibers, the exact mechanism responsible for this behavior was not clear. 
[bookmark: _Toc136595452]Repeatability of the Dual-Hopper Printing Process
Figure 3‑10 compares the average wt % CF content across prints at the studied locations using one sample from each print. Again, there was minimal variation in fiber content for either transition direction with standard deviations all less than 0.7 wt %. The highest observed deviation was in the transition zone samples, with 0.59 wt % CF for the ABS  CF direction and 0.63 wt % CF for the CF to ABS direction. Thus, the dual hopper appeared to produce repeatable material transitions across multiple prints of the same structure, which suggests that a single printed transition could be used to characterize a print.
[bookmark: _Toc136595453]Preliminary Transition Curves
Material composition was first plotted as a function of transition direction in Figure 3‑11 to obtain reliable shape curves that described the material transitions for both directions. The differences in transition behavior were clearly shown by early onset of ZT for the CF  ABS direction. Considering this difference, the CFABS and ABS material does not exhibit reversible transition behavior, which supported the chosen approach of treating the transition direction as a parameter of interest when evaluating transition behavior. Table 3‑1 displays the zone lengths for each transition from Figure 3‑11. Two different criteria quantified identification of LS. For CFABS regions, ZS began at the point 
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[bookmark: _Ref133779274][bookmark: _Toc136595379]Figure 3‑10. The average fiber content of all eight locations across printed structures.
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[bookmark: _Ref133782077][bookmark: _Toc136595380]Figure 3‑11. Two transition curves obtained through CIN measurements as a function of length.
[bookmark: _Ref136586413][bookmark: _Toc136595416]Table 3‑1. Transition Zone Lengths.
	Direction
	Lp (m)
	LT (m)
	Ls (m)

	CF  ABS
	1.83
	1.37
	3.20

	ABS  CF
	2.29
	1.22
	3.51


where both LS and the following point exhibited wt % CF above 20 wt %. For neat ABS, ZS began when carbon fiber content fell below 1.5 wt %. As shown by LS, the CF  ABS direction had an overall shorter transition length. However, LT showed that the CF  ABS direction exhibited a longer ZT than the ABS  CF transition, showing that the difference in LP drove the difference in overall transition length.
[bookmark: _Toc136595454]Assessing Compositional Analysis Techniques
While CIN has been previously validated as a reliable technique [113, 116], additional characterization options were investigated to determine as possible alternatives for characterizing material transitions. Using samples adjacent to the CIN samples shown in Figure 3‑11, CIA and UAD composition measurements were used to construct shape curves using. Figure 3‑12 shows these three shape curves for the CF  ABS transition. The ABS  CF transition curves in Appendix A-1 provide an additional comparison for the CIN and CIA techniques. At all comparison points, the three techniques measured a similar carbon fiber content, resulting in transition curves with similar overall shapes. On average, CIA returned carbon fiber content 1.1 wt % lower than the associated CIN measurement. Since this effect was highest in neat ABS regions, it was attributed to the combustion of ABS also degrading the carbon fibers, which was prevented in CIN by the inert nitrogen atmosphere. As intended, UAD measurements were consistently between the two carbonization techniques, confirming the veracity of the newly developed technique. Despite the slight differences, each technique demonstrated the ability to measure material composition with the accuracy necessary to capture the dual hopper transition curves. 
[image: Chart, scatter chart

Description automatically generated]
[bookmark: _Ref133840950][bookmark: _Toc136595381]Figure 3‑12. The CF  ABS transition as measured by the three characterization techniques.
Therefore, technique selection was dependent upon other factors such as cost, energy consumption, material compatibility, and sample throughput.
When constructing material transition curves, the initial steps required to produce, label, and extract samples represented a significant time investment that was identical for all three techniques. Similarly, drying and weighing the specimens also remained the same regardless of approach. As such, any differences between CIN, CIA, and UAD were limited to the fiber extraction process. The relative cost of CIN compared to CIA using similar furnaces will always show that CIN was more expensive due to the introduction of the inert nitrogen atmosphere, which also leads to a higher rate of energy consumption for CIN. For UAD, a direct comparison would require a detailed analysis of system cost (sonicator vs furnace) as well as the time and energy required per specimen. In general, the equipment costs increase more quickly with instrument size for furnaces than sonicators. Further, maintaining a high temperature environment presents a significant energy demand compared to sonication. When considering possible future work, any investigation of higher-temperature thermoplastics would require CIN vs CIA to prevent degradation of reinforcing carbon fibers, so CIA was not selected to avoid limiting material selection. Finally, sample throughput will be a direct function of chamber size and process time. These initial studies showed a significantly faster process time for UAD compared to a significantly more expensive nitrogen-furnace used for CIN measurements. Overall, UAD appeared to be the most appropriate technique for future characterization work.

[bookmark: _Toc136595455]Summary and Conclusions
The in-situ material switching capabilities of BAAM dual hopper were investigated by comparing material composition at identical locations across multiple prints, and three techniques for determining material composition were compared to identify the most suitable method for future work. The material transitions produced by dual hopper material switches exhibited minimal compositional variance at identical xy locations from layer-to-layer and print-to-print. Thus, the material transition process demonstrated repeatable behavior suitable for part design and process planning. Given this repeatability, dual hopper transitions should also be predictable and a function of underlying instrumental, environmental, and material characteristics. Understanding the influential parameters will lead to predictable behavior, providing a path toward site-specific properties within LFAM structures.
Plotting material transitions as a function of composition and location created descriptive shape curves for each direction, ABS  CF and CF  ABS. Following the outlined analysis method, three distinct zones were observed and measured in the printed material transitions: the Purge, Transition, and Steady-State Zones (ZP, ZT, ZS). The zone lengths quantified the visually observed changes in transition behavior, providing a fundamental tool for comparing material transitions printed in different directions or at different conditions. A notable difference in zone lengths occurred when changing the direction of the material transition, indicating that transition direction should be investigated as an influential parameter that must be understood to accurately implement multiple transitions in MM part design for the BAAM dual hopper. 
Three compositional analysis techniques (CIN, CIA, and UAD) were utilized to measure the wt % CF of samples from the printed material transitions. Each technique produced comparable fiber content measurements and similar shape curves. Given this similar accuracy, comparing the differences in cost, process time, and flexibility clearly indicated UAD offered significant advantages over both CIN and CIA. First, CIA limits possible material pairs due to the vulnerability of carbon fiber to degradation in standard atmospheric conditions while the solvent in UAD can be chosen to specifically target constituent materials as needed. Since future projects had shown interest in high-temperature thermoplastic composites, CIA was a poor choice. Compared to CIN, UAD had a faster cycle time for a similar number of samples per cycle using equipment that was significantly less expensive. However, the filtration process required for UAD led to an increase in hands-on labor compared to CIN, which suggested that CIN may be preferred for large sample quantities where time and cost were not substantial barriers. Therefore, the choice was determined by equipment access and cost. Even though hundreds of composition measurements were needed, UAD was chosen as the characterization technique for this work due to the ability to acquire a sonicator, allowing in-house testing at a cost-effective rate with full experimental oversight.  The influence of material properties and processing parameters on dual hopper transitions was thus investigated using UAD to inform the design and process planning of FGM components made using LFAM.
[bookmark: _Toc136595456]Modelling Material Transitions
The initial studies in Chapter 3 demonstrated the repeatable nature of material transitions printed using BAAM dual hopper, so complementary experiments were designed to characterize the influence of processing and material parameters on transition behavior. To better understand these experimental results, a mathematical model was developed as a curve-fitting tool with parameters corresponding to the shape and length of the transition zone as a means of quantifying and comparing material transitions. As part of this endeavor, a means for measuring sample location that ensured shape curves were compared at the same representative scale was needed. Therefore, the first step toward model development was the conversion of sample location from a length scale to a volumetric scale so that deviations in extrudate geometry and material quantity were accurately represented. By assessing material transitions as a function of extrudate volume, changes arising solely from differences in printing conditions were removed, leaving only the impact of these changes on transition behavior. From there, the developed constitutive model provided a tool for objective analysis of transition behavior that would inform designer choices and options for implementing material transitions in printed parts.
[bookmark: _Toc136595457]Volumetric Determination of Sample Location
[bookmark: _Hlk133840639]In initial studies, the location within a transition was measured as being the relative distance traveled by the extrusion head since initiating the material change, so zone sizes were discussed in terms of meters [101, 103]. As will be seen in Section 3.5.5, quantifying transition behavior using only length was difficult and risked misleading conclusions. Therefore, a more comprehensive method for tracking the progression of a material transition was developed. Using extrudate volume to measure transition progress ensured that changes in screw speed, travel speed, and any deviation from input bead geometries were included in the analysis and enabled meaningful comparisons of transitions printed under different conditions or with different components. Furthermore, this volumetric approach implemented a normalization procedure intended to provide useful context for the measurements. This also necessitated consideration of the material and condition dependency of the normalization process.
[bookmark: _Toc136595458]Calculating Extruded Volume, VE
While initial analyses utilized travel distance to plot a material transition, comparing the cross-sectional area of printed beads from different points within a print as well as different printed conditions showed significantly different shapes and overall areas. Figure 4‑1A provides an example of these inconsistencies by placing three cross-sections of different composition side-by-side to illustrate changes in shape despite being from the same printed transition. Shown in Figure 4‑1B and C, optical microscopy measurements found a reduction in cross-sectional area of up to 10 %. Detailed measurements are available in the Appendix in Table B -  1 Figure A -  2. These initial findings motivated the development of a volumetric method for determining sample location within a printed material transition.
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[bookmark: _Ref133493068][bookmark: _Toc136595382]Figure 4‑1. A comparison of cross-sectional areas of printed beads. A.) Three examples with differing compositions from the same transition. B.) and C.) Images taken using an optical microscope to measure the area of each sample.
The developed approach calculates the cumulative volume of material deposited since the change in feedstock up to the point of interest. Rather than performing extensive measurements to estimate the changing cross-sectional area of the deposited bead at a multitude of print conditions, Equation 5 presents an alternative method for calculating this extruded volume, VE, using the travel distance, d, the travel speed, v, and the volumetric flow rate of the extrudate, Q. 

Incorporating travel distance tied an easily measured position into transition progress, travel speed was a constant specified by the g-code, and the volumetric flow rate could be experimentally measured for a given material at set print conditions. Using this relationship, VE could be calculated for any sample extracted from the printed material transitions.
[bookmark: _Toc136595459]Normalized Volume Method
Although tracking material transitions as a function of VE improved measurement accuracy, extracting meaningful comparisons between samples printed with different component geometries remained difficult. To aid in these discussions, VE was normalized by a tangible feature of the BAAM dual hopper. As shown in Equation 6, the normalized volume, VN, was obtained by dividing VE by VR, the remaining volume of material in the system. This remaining material, considered a “residual volume” of material, was a consistent, measurable property of the dual-hopper system dependent upon material properties, system geometry, and print conditions.

Through normalizing VE by VR, material transitions were connected to important physical limitations imposed by the dual hopper construction. In a theoretical material transition where the discrete boundary between pelletized feedstocks is maintained throughout the extrusion process, the entire volume of Material A will complete extrusion exactly when VN equals one. This boundary, termed V1, suggests that every material transition printed using BAAM dual hopper must begin the transition zone prior to V1 to comply with the conservation of mass in a closed system like BAAM. Thus, the normalized volume framework enables a more informative analysis, which requires determination of VR as an essential component of transition analysis. However, this required both an in-depth investigation of BAAM internal structure as well as an estimation of material form and flow through the extrusion system.
[bookmark: _Toc136595460]Determining Residual Volume
As defined in the previous section, VR is the residual volume of material remaining in the system at the instant when the hopper switch occurs. Descriptions, symbols, and units for preceding and future variables are listed in Table B-2 for easy reference. To capture all remaining material in the analysis, the two boundaries for  were defined as the connection point where material switching occurs and the exit of the nozzle. Although switching from a full hopper to an empty one was considered for directly measuring VR, starve-feeding the extruder would likely leave significant amounts of material, especially fiber reinforcements, stuck to internal geometries and inside the nozzle assembly. Instead, this study calculates the unoccupied volume within the system and then uses material density measurements to approximate the equivalent volume of extrudate. Figure 4‑2 illustrates the three major divisions of VR used in this analysis as they relate to an actual image of the gantry (left) and a representative sketch of these divisions (right). The left image overlays the boundaries of each region on the physical design while the right provides the corresponding names and conceptual cartoons. Figure 4‑2A, the Feed Throat, approximates the connection between the dual-hopper and the extruder as a simple cylinder. Figure 4‑2B, the Barrel, is a schematic of the extrusion screw, representing the volume already occupied within this region. Figure 4‑2C, the Nozzle Assembly, consists of the nozzle and endcap used to attach the nozzle to BAAM. Equation 7 establishes this relationship by setting VR equal to the sum of VT, VB, and VA, or the volume of material in the feed throat, volume of material in the barrel, and volume of material in the nozzle assembly, respectively.

While these bounded regions have a constant volume available for material to occupy, the material form changes throughout processing from feedstock to melt to extruded bead. Given that the materials do not perfectly fill VR as pelletized feedstock nor maintain constant densities throughout the extrusion process, material volume calculations included the impact of environmental conditions and material state by implementing a density ratio, ρr. As shown in Equation 8, ρr was defined as the ratio of bulk density (ρb), 
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[bookmark: _Ref133574489][bookmark: _Toc136595383]Figure 4‑2. (Left) BAAM dual hopper with the three component regions of VR bounded by dashed white lines and labelled A, B, and C. (Right) Names and schematic representations of each region.
compressed bulk density (ρc), bulk density (ρb), compressed bulk density (ρc), or melt density (ρm) to the extrudate density, ρE. Using this ratio converts calculated material volumes to the expected volume of extrudate, matching the material form of VE measurements regardless of the material state in the system. Thus, multiplying a volume by the associated ρr addressed any change in density and material form, ensuring that volume calculations were not incorrectly assuming perfect fill of the internal geometry by extrudate with ρE.

Stepping through the divisions, Figure 4‑2A was approximated as a simple cylinder of length, l, and radius, r, and contained only the pelletized feedstock. Thus, Equation 9 calculates VT using the volume of a cylinder and ρb.

While the barrel is also a simple cylinder, the extrusion screw occupies most of the internal volume, so proprietary drawings and models of the screw were consulted to generate a digital model of the unoccupied volume remaining within the barrel. Due to the melting process and changing flight geometries, this digital model was further sub-divided such that each division was the length of one screw flight. This allowed for each region to use the form of Equation 8 that most appropriately described the material state at that point in the extrusion process. For completely un-melted pellets, ρc was used to represent the bulk density of the pellets under pressure while a full polymer melt was represented using the third form of Equation 8 and ρm. Following typical assumptions for SSE, the melting process was considered to begin 3.6 times the barrel diameter down the length of the barrel (3.6D) and completing by 11.6D [94]. To capture the changing density, a stepwise gradient was implemented using a linear Rule of Mixtures (RoM) relationship, as shown in Equation 10, to calculate a representative density, ρRi, where fi was position of that region in the stepwise gradient. 

The changing density within the barrel is represented in Figure 4‑3 as a piecewise function (blue) plotted against distance along the extrusion screw using a schematic of the screw as refence for how these changes correspond to both screw flights and the physical screw zones. The second y-axis in Figure 4‑3 plots the cumulative available volume (orange dashed) and cumulative material volume (orange) in the barrel, VB, as a function of barrel position to further illustrate the impact of the changing material density.
As also shown in Figure 4‑3 and discussed in Chapter 2, the extrusion screw geometry consists of three distinct zones typical of SSE systems. First the feed zone has a constant, deep channel that conglomerates the pelletized feedstock and initiates melting. Second, the compression zone implements a shrinking channel to apply pressure and frictional heating, resulting in a completely melted polymer. Finally, the metering zone uses a shallow, constant channel to establish stable polymer flow and temperature for controlled extrusion. These zones provided natural boundaries for calculating the
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[bookmark: _Ref133600247][bookmark: _Toc136595384]Figure 4‑3. A diagram showing the change in material density as a function of position with the SSE barrel (blue), and a comparative analysis showing how the density influences the volume occupied by that material (orange).
component material volumes comprising VB: material volume in the feed zone (VF), material volume in the compression zone (VC), and material volume in the metering zone (VM). These component volumes were thus calculated using the established density relationships, though it should be noted that Equation 10 applied to portions of both VF and VC due to melting behavior. 
Since the screw geometry remained constant throughout the feed zone, calculating VF relied on the total available volume in this zone, F, obtained from the CAD model. F and other geometric constants are listed in Table B-3. As indicated, the barrel was sub-divided by screw flights to implement a stepwise gradient in material density, starting at 3.6D. Considering that the total length of the feed zone was 7.6D, Equation 11 uses fractional allocation of F and a summation to find the contributions of each flight to VF while also including estimated changes in density. In this case, fi represents the numbered flights in the stepwise density gradient, beginning with the one occupying 3.6D to 4.6D, such that the total distance down the screw equates to the feed zone length, 7.6D. As discussed, the initial ρr for this zone uses form 2 of Equation 4.

The compression zone both induces a change in material density and exhibits a changing screw geometry, altering the available volume from one sub-divided region to the next. Therefore, Equation 12 utilizes the same fi from Equation 11 and introduces a second summation that steps through the gradually reducing available volume, Cj, obtained individually for each 1D-length sub-division (Table B-4). Here, the flights numbered by position in the stepwise material gradient are still indicated by i while j indicates the flights numbered by position in the compression zone. In addition, a second summation with a constant density ratio is used to represent the flight by which full polymer melt is achieved (11D) while stepping through the final three flights in the compression zone.

Finally, the contribution of the metering zone is straight-forward due to a complete material melt and consistent screw geometry. As shown in Equation 13, VM was found by multiplying the third form of Equation 4 and the available volume in the metering zone, M, which was again obtained from the CAD model (Table B-3).

Having established these relationships, Equation 14 shows VB in short form as the sum of each component zone. Equation 15 provides the expanded form of this equation built from Equations 11-13 to illustrate the properties required for this calculation.


Finally, for the nozzle assembly major division, the material was considered to still be in the melted state, so the third form of Equation 8 was used. The internal volume of nozzle assembly, N, was retrieved from the associated CAD models (Table B-3). Since the assembly had no additional internal features, the polymer melt was assumed to completely fill the space. Therefore, VA was simply N times the melt density ratio, as shown in Equation 16.

As shown previously in Equation 7, deconstructing the BAAM SSE system into divisions and sub-divisions enables direct calculation of the residual material volume. After substituting in Equations 9, 14, and 15, the relationship becomes that shown in Equation 17. Although this could be expanded further using Equation 15, this form is retained for brevity. Expanding Figure 4‑3, Figure 4‑4 shows the both the material density (left y-axis) and cumulative VR (right y-axis) as a function of position in the SSE system. Position was measured only along the axis representing material flow through the system, and the component schematics were incorporated below the chart to connect density and VR changes to physical features.

[bookmark: _Toc136595461]Material Specific Considerations
Although the previous sections present the method for calculating VE, VR, and VN, several variables were material properties or a function of those properties. Furthermore, 
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[bookmark: _Ref133836362][bookmark: _Toc136595385]Figure 4‑4. A schematic showing the change in material density as it travels from the hopper switch to the nozzle exit (blue), and an analysis demonstrating how the available volume was related to material volume (orange).
the transition zone will likely exhibit properties representative of the mixed composition. Therefore, a unique VR was calculated for each material and a linear RoM approach was used to estimate the properties at any point in the material transition based on composition.
For each material studied, three different material densities were experimentally measured at the standard processing conditions. The apparent density, commonly referred to as bulk density bulk density (ρb), of each material was measured using a custom apparatus designed to follow ASTM D1895 [119]. The melt densities (ρm) were calculated using a Dynisco Laboratory Capillary Rheometer 7001 and ASTM D3835 [120]. The compressed bulk density (ρc) also utilized the capillary rheometer but relied upon a custom procedure where a continually increasing pressure was applied to the feedstock at room temperature. The known material mass and interior volume of the rheometer was then used to calculate the ρc at each pressure. However, experimental results indicated a negligible change in density with increasing pressure, which was supported by literature showing the bulk density of amorphous thermoplastics was relatively unaffected by pressure alone [121]. Thus, any change in pressure caused by the increasing screw speeds was not considered to influence ρc. The standard density obtained from the printed extrudate (ρE) was measured using helium pycnometry after consulting both ASTM D792 and ASTM D6226 [122, 123].
A function of both processing parameters and material properties, the volumetric flow rate Q was measured for the studied combinations of screw type, screw speed, nozzle type, and material. Shown in Equation 18, Q was obtained by collecting all material extruded over a time, t, and dividing the extrudate mass, mE, by ρE and t. To accommodate the change in flow rate that occurs as the material transition progress, a RoM flow rate, QR, was calculated using Equation 19 where QA and QB are the flow rates of Materials A and B. FA was the fraction of Material A present in a given sample or at a given point. As a result, Equation 1 for calculating VE becomes Equation 20 to include the effects of the material transition on flow rate.



Due to the dependency on material densities, material transitions were also expected to influence the material-specific VR values. Therefore, Equation 21 implements a linear RoM approach to estimate the mixed residual volume, VRx, in the transition zone and accurately normalize the data. Here, VR-A and VR-B are the residual material volumes for given Materials A and B.

[bookmark: _Toc136595462]Mathematical Modeling of Material Transitions
Predictive modeling tools are commonly implemented to identify trends and connect observations to specific parameters or variables. Some approaches utilize software such as ABACUS, ANSYS, or Solidworks to simulate expected behavior based on known boundary conditions and material properties. In other cases, established mathematical relationships that have been commonly observed in nature are applied to measured data sets and assessed for goodness of fit. Similarly, the known limitations of a study can provide boundary conditions and be used to develop new, application-specific mathematical models. Given the difficulties of simulating complex, turbulent flow and the varied state changes that occur during SSE, a mathematical approach for modeling transition behavior was investigated and developed.
[bookmark: _Toc115255546][bookmark: _Toc136595463]Logistics and Sigmoid Functions
Material transitions typically exhibited shape curves with steep initial change that gradually decayed as material composition almost asymptotically approached 100 % Material B in ZP. In general, the “S” shape was reminiscent of sigmoidal functions, as defined in [124, 125]. The un-altered sigmoid function is shown in Equation 22. Although the equation is typically altered, sigmoidal functions have consistently been used as a basis for modeling data containing a nonlinear region and one or more plateaus [126-128]. 

For this study, the basic logistics function form and several other variations were implemented in initial modeling attempts. This form was chosen due to the characteristic ability to identify upper and lower asymptotic boundaries, induce exponential growth and decay behavior, and implement a delay before initial growth, as seen in typical dual hopper shape curves. To find the best fit parameters for each model, the MATLAB software package curveFitter was given the associated equation through the custom fit option and instructed to find parameter values that minimizes the residuals and maximize R2 using nonlinear least squares regression.
Using a representative data set from Chapter 3, the basic logistics model shown in Equation 23 was assessed for goodness of fit as an initial candidate. Again, material transitions were represented as function of normalized volume, but the y-axis was converted to percentage Material A or B rather than wt % CF to simplify modeling. As can be seen in Figure 4‑5, this model generated the expected “S” shape and provided a generally good fit with an R2 value of 0.987. However, the beginning of the curve showed a concerning disconnect from the data, modeling a gradual increase despite transition behavior typically exhibiting a much sharper initial change in composition.

Further attempts used three other forms of logistics functions, as shown in Equations 24 (Von Bertalanffy), 25 (Gomperts), and 26 (Generalized Logistics). In addition, Newton’s law of Cooling (Equation 27) was applied to the data plotted as a function of normalized volume and Percent Material A to provide an additional perspective. Figure 4‑6 shows the resulting model fit for each of these functions. 
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[bookmark: _Ref133928108][bookmark: _Toc136595386]Figure 4‑5. The logistics function from Equation 19 fit to a standard material transition data set.
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[bookmark: _Ref133928121][bookmark: _Toc136595387]Figure 4‑6. Four models fit to the same data set using MATLAB curveFitter software package. A) Equation 20, Von Bertalanffy, B) Equation 21 Gompertz, C) Equation 22, Generalized Logistics, and D) Newton’s cooling law.
 Typically used in biology to study animal growth with undefined limits [129], the Von Bertalanffy (A) model was not expected to fit this data and clearly did not. However, both the Generalized and Gompertz (B and C, respectively) forms attained R2 values greater than 0.99, indicating a very good fit with the provided data. The Gompertz model uses only three parameters, which could limit connections between the model and the physical changes in processing conditions. The Generalized Logistics (GL) form incorporates six (A, K, Q, B, M, and v) to find the best fit. M provides one of the most important functions by establishing where the initial exponential growth occurs. Similarly, Q, B, and v influence the rate of growth and near which asymptote maximum growth rate occurs. Finally, A and K set the asymptotic boundaries for f(x), which simply corresponded to Percent of Material B. Although these boundaries are known to be zero and one hundred they were left as variables in the model so that any deviation outside those bounds from errors in measurement were still included. Although an R2 value greater than 0.99 was achieved using Newton’s law (D), this required manual exclusion of the non-exponential data points. Even so, this example indicated that an exponential function could be implemented to accurately model the transition zone.
Figure 4‑7 presents the generated GL fits for a full sample set from one BAAM configuration where the studied transitions varied only in screw speed (discussed in detail in Chapter 5) to highlight two additional issues that motivated development of a custom model. Since the GL model defined the plateaus using A and K, the best fit values for those parameters routinely exhibited significant deviation from the known boundaries (0 and 100 
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[bookmark: _Ref133929166][bookmark: _Toc136595388]Figure 4‑7. GL-modeled shape curves for six material transitions printed at six different screw speeds.
%). Second, while the GL model accurately captured the initial change in composition for some data sets (See Appendix A, Figure A-3), modeling other data sets with GL encountered the same inability to fit the steep slope at the start of the transition as seen with the basic logistics function. These incompatibilities led to the development of a custom mathematical model.
[bookmark: _Toc136595464]An Analytical Curve Fitting Solution
To develop a descriptive model for the observed material transitions, an analysis of boundary conditions and expected transition behavior was conducted. The y-axis bounds were set to zero and one, representing the fractional change in material composition. These bounds were enforced by a piecewise function, as shown in Equation 28, that reflected the three transition zones. Here, the parameter XT is the x-value at which the transitions zone begins and XS is the x-value at which the transition zone ends, and modeling-specific variables are listed in Table B-5 F(x) represents the equation describing the change in material composition throughout the transition zone, ZT.

To solve for F(x), a second linear function was inserted and boundary conditions representing the known limits of dual hopper transitions were enforced. The diagrams in Figure 4‑8 graphically demonstrate how the relationship between F(x) and the linear function g(x) with slope m1 (Equation 29) were used to find a solution.
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[bookmark: _Ref133963578][bookmark: _Toc136595389]Figure 4‑8. A) The desired curve, F(x), in blue and an arbitrary linear function g(x) in red constrained as being equal to F(x) at XT. B) The difference between the two functions plotted on a new x-axis (z) as the function h(z) in gray and a second linear function w(z) in yellow. Points showing transition initiation and completion were using XT (zT) and XS (zS), respectively.
In Figure 4‑8A, g(x) (red) was defined such that it intersected the desired function f(x) (blue) at XT. To satisfy Equation 28, g(XT) must be equal to zero and F(XS) must be equal to one (Equations 30 and 31). Further, subtracting Equation 28 from Equation 29 creates Equation 32.



Figure 4‑8B transforms the x-axis into a new z-axis by subtracting XT from x (Equation 33) so that z equals zero at the re-defined transition start, zT (Equation 34). Since the original y-axis was retained, Equation 34 shows that g(zT) must equal g(XT), which is equal to zero per Equation 30. Therefore, the g(z) y-intercept must also equal zero (Equation 35). Similarly, the end of the transition zone was indicated by zS (Equation 36), which leads to Equation 37 stating that f(z) must still be equal to f(x) and 1 for all values greater than or equal to XS and zS, respectively. Finally, Equation 32 then becomes Equation 38 using Equations 33, 34 and 37, which then allows h(z) to be defined as the difference between g(z) and f(z) (Equation 39). 







Within the region bounded by zT and zS, the piecewise Equation 40 re-defines the first leg of h(z) using a typical power law form where A was a multiplying coefficient and n was a power coefficient. However, for domains greater than zS, h(z) was equal to g(z) minus one, per Equation 28.

A second linear function, w(z), was also plotted in Figure 4‑8B as an extension of the second linear leg of h(z) that passes through zS using Equation 41.

Three relationships were established using these previous equations. For w(z) to be equal to h(z) in the domain greater than zS, m1 must equal m2 regardless of y-intercept, resulting in a unified m (Equation 42). In turn, Equation 42 thus establishes that b2 must be equal to negative one, as shown in Equation 43. Since w(z) also includes zS, setting Equation 40 equal to Equation 41 at zS produces Equation 44.



Finally, Equations 40 and 41 have an identical rate of change at zS, so their derivatives were set equal in Equation 45.

Solving for A in Equation 44 yields Equation 46, which was then substituted into Equation 45 to find Equation 47.


Having determined n in terms of m and zS alone, Equation 47 was then substituted back into Equation 46 to find Equation 48, describing A in terms of XT, XS, and m.

By re-arranging Equation 39 and substituting Equations 40, 41, 46, and 47, Equation 49 was built to describe F(z). 

Converting Equation 49 into Equation 50 using Equation 33, F(x) defines the transition zone in terms representing measurable transition phenomena: the transition start (XT), transition end (XS), and instantaneous change in composition at the start of the material transition (m). This equation offers an alternative model for analyzing and predicting material transitions.

[bookmark: _Toc136595465]Least Squares Fitting
To determine the model parameters for each set of data, a tunable nonlinear least squares regression method like those available in curve-fitting packages was implemented. XT, XS, and m were the user-defined, tunable parameters fed into the model from Equation 50, and the resulting values were compared to measured data from the matching points. The developed regression model automatically adjusted to include only those data points within the bounds of XT and XS. As shown in Equation 51, the first step calculates the sum of the square of each data point (yi) minus the average () to find the total sum of squares, ST, where i was equal to the number of data points. 

The regression step then calculates the sum of the squares of the difference between the function values (yf) and yi to find the sum of residuals SR, as shown in Equation 52.

With these values, Equation 53 was used to find the coefficient of determination, R2, and assess the goodness of fit of the model for a given data set.

For each data set, the parameters were manually adjusted until achieving a best fit, which was quantified as having an R2 value above 0.95.
[bookmark: _Toc136595466]Adjusting Curve Position to Satisfy V1
As outlined in previous sections, a finite amount of the original material remains in the SSE system after performing a material switch, so the volume of original material extruded should then be equal to VR. Directly measuring this volume would require compositional analysis of every portion of the transition region, which was not practical. Therefore, a graphical means for comparing the extruded amount of Material A to the expected VR was developed to accompany the normalized volume method.
As mentioned in Section 4.1.2, any change in composition prior to V1 must be equivalently reflected after V1 to maintain the expected amount of original material. Essentially, the volume of material “missing” before V1 should be “found” after V1. While these two volumes must be equal, the distribution of Material A throughout the extrudate is not required to be equivalent. This offers an important clarification as no material transition has exhibited symmetry. Given this relationship, integration of the shape curve was utilized to graphically compare areas as an estimation of the relative volumes of material. Figure 4‑9 shows how the defined transition and volume boundaries XT, XS, and 
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[bookmark: _Ref133964624][bookmark: _Toc136595390]Figure 4‑9. A diagram illustrating the integrals in Equation 46.
V1 were separated into the areas of interest. Figure 4‑9A represents the “missing” Material A, Figure 4‑9B represents the area under the curve for the transition zone after V1, and Figure 4‑9C represents the “found” Material A that was blended into the VR of Material B. This indirect method was implemented using Equation 54 where area A must be equal to area C, which was found by taking the difference of the integral of y equal to 1 and F(x) over the same distance.

Equation 54 offered a useful analysis tool for determining how effective the normalized volume method was at creating an objective viewpoint from which to compare material transitions printed under different conditions. Although some material transitions closely followed this rule, others demonstrated significant deviation from expected behavior. Therefore, an additional step was added to the normalization process. Using a MATLAB script, both XT and XS were simultaneously shifted incrementally along the x-axis, and the size of areas and A and C were calculated after each shift. When the relative sizes were within 0.1 %, the required translation across the x-axis was recorded as the shift parameter, Vshift. Unless otherwise noted, all shape curves presented were constructed by applying Vshift to the measured XT and XS to isolate the effects of print parameters on transition behavior. Using this constitutive model, comparisons of material transition behavior provided more meaningful information for print design than occasionally noisy transition curves constructed from only raw data.
[bookmark: _Toc136595467]The influence of processing conditions and Material Properties on transition behavior
[bookmark: _Toc115255564][bookmark: _Toc136595468]Background
Previous chapters have identified influential material and processing parameters, presented preliminary results, constructed an improved framework for comparing material transitions, and presented an effective model for predicting material transitions. This chapter compiles information from several published works [101-103, 130-132] with recent data to provide a comprehensive analysis of transition behavior. First, the effect of VN on apparent trends in transition behavior was discussed. The following sections then investigate the influence of processing conditions, component design, and material viscosity on transition behavior. Since Chapter 2 illustrated the importance of screw and nozzle design, two different screw geometries and nozzle designs were used to create three BAAM configurations and study the impact of changes intended to improve mixing on transition behavior. Specifically, the quality of mixing within and length of ZT were expected to be heavily influenced by changes in configuration. Further screw rotational speed was also identified as an influential factor for material mixing and melt behavior in SSE, so each configuration was used to print transitions at multiple screw speeds with expectations of capturing trends in XT, and XS with screw speed. Although multiple material characteristics can influence SSE, material viscosity was identified in Chapter 2 as the most influential material property. Since introducing reinforcing fillers directly impacts viscoelastic properties, material viscosity was expected to primarily influence the difference in transition behavior seen when reversing transition direction. Using the model presented in Chapter 4 to find the best fit parameters for the collected data sets, representative shape curves were generated for all printed transitions to better isolate any changes in behavior and measure zone lengths. 
[bookmark: _Toc115255565][bookmark: _Toc136595469] Experimental Conditions
MM structures and continuous FGM material transitions were printed using the BAAM dual hopper system located at Oak Ridge National Laboratory. Since this study includes work from multiple experimental plans, material transitions were printed under numerous different processing conditions using different combinations of extrusion screw designs, nozzle designs, and material pairings. Other than the intentional changes made for the study, the print conditions were kept identical between experiments where possible to ensure experimental results remained comparable.
[bookmark: _Toc115255566][bookmark: _Toc136595470]Materials and Transition Pairings
ABS and a 20 wt % carbon fiber-reinforced ABS (CFABS) provided by Techmer Engineering Solutions. The ABS feedstock was acquired under brand names HIFILL ABS 1000 3DP and HIFILL ABS 1512 3DP, and the CFABS feedstock was acquired under brand names ELECTRAFIL J-1200/CF/20/3DP and ELECTRAFIL ABS 1501 3DP. In both cases, the change in name was for branding only and did not reflect any change in feedstock production. Experiments were carried out over multiple years, but efforts were made to utilize the material from the same batch and lot number where possible. For one experiment, this study also utilized a TPU pelletized feedstock (RESMART Ultra TPU 70A). Material transitions were printed using ABS-CFABS and TPU-CFABS pairings to study the effects of processing parameters and differences in viscosity.
[bookmark: _Toc115255567][bookmark: _Toc136595471]Standard Processing Conditions
Several processing parameters were held constant throughout all printing procedures. The heat zones were set to match standard CFABS conditions [102] and maintain a stable melt temperature of 250 °C. The print bed was equipped with ABS build sheets and heated to 100 °C. The bead width and layer height were set to 1.4 cm (0.55 in) and 0.51 cm (0.2 in), respectively. While typically in use with BAAM, the tamper was not attached for any printed transitions. Feedstock materials were dried at 80 °C for at least four hours prior to printing of material transitions, flow rate measurements, and any other samples. Material transitions samples intended for compositional analysis were printed as a single-layer, continuous bead for each transition direction. The reverse directions of each material transition were deposited as a separate continuous bead immediately after deposition of the first direction. The schematic in Figure 5‑1 shows one of three print paths used to print material transitions in both directions with transition start indicated by the red dots and sample ends indicated by the green dots. This approach ensured the material transitions were printed as separate samples by pausing extrusion while translating from 1B to 1C. The other two print paths were developed for experiments requiring a longer continuous bead and are shown in Appendix A, Figures A-4 and A-5.  Representative samples of each print path were imaged and presented in Figures A-6, A-7, and A-8 provide images of representative samples printed using each schematic. While the print path 
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[bookmark: _Ref134111024][bookmark: _Toc136595391]Figure 5‑1. A schematic showing one of three print paths used in this study. Hopper switches were initiated at the red dots (1A, 1C).
dimensions and total travel lengths differed, the printing process and assigned bead geometry was consistent across experiments and considered a standard processing condition. Detailed labels were applied to all printed transitions to track location and direction before being sectioned using a bandsaw to facilitate storage and sampling.
[bookmark: _Toc136595472]Component Designs and Geometries
The effect of screw design on transition behavior investigated by printing ABS-CFABS transitions with both the standard BAAM extrusion screw and a specialized “mixing” screw. Further work investigated the impact of nozzle design on the printed material transitions by comparing a standard BAAM nozzle to a custom static mixing nozzle (SMN) design, which featured internal obstructions intended to re-direct material flow and improve mixing within the melt. The proprietary pattern of alternating slotted openings required a heating sleeve set to 255 ºC to maintain material flow and resulted in a nozzle length roughly 35 mm longer than the standard. Even though outer and inner diameters remained the same, this led to SMN-specific volumes for NS (Table B-3), VA-S, and VR (Table B-6). The standard nozzle had a diameter of 10.0 mm (0.4 in) while the SMN had a diameter of 12.7mm (0.5 in). The standard screw and nozzle combination were only used to print ABS-CFABS transitions whereas the mixing screw and standard nozzle configuration was used to print both ABS-CFABS and TPU-CFABS transitions. The mixing nozzle was only used with the mixing screw, and this configuration was only used when printing ASB-CFABS transitions. Table 5‑1 shows the four over-arching sample sets studied using a vertical border to separate each parameter. Combined, the first two columns 
[bookmark: _Ref136587822][bookmark: _Toc136595417]Table 5‑1. The four parameter sets with tested screw speeds.
	Screw Geometry
	Nozzle Geometry
	Material Pair
	Screw Speed (RPM)

	Standard
	Standard
	ABS-CFABS
	100
	150
	200
	250
	300
	350

	Mixing
	Standard
	ABS-CFABS
	100
	150
	200
	250
	300
	350

	
	Mixing
	ABS-CFABS
	100
	—
	200
	—
	300
	—

	
	Standard
	TPU-CFABS
	100
	—
	200
	—
	300
	—


were considered a “configuration,” as previously discussed. Material transitions were printed using each configuration at the specified screw speeds in both A  B and B A transition directions.
[bookmark: _Toc136595473]Screw Rotational Speed
Material transitions for both ABS-CFABS and TPU-CFABS were printed at multiple screw rotational speeds. As shown in Table 5‑2, the ABS-CFABS transitions using the standard screw and nozzle were printed at 100, 150, 200, 250, 300, and 350 RPM. For discussion purposes, an abbreviated naming convention uses two or three letters represent nozzle type, material pair, transition direction, and screw type while the following three numbers indicated the screw speed. The SMN design was indicated by “S” whereas the absence of a letter indicated the standard nozzle. ABS-CFABS transitions used “A” to signify an ABS to CFABS direction and “C” to signify a CFABS to ABS direction. Similarly, “CT” indicated a CFABS to TPU transition while “TC” signified the opposite. The final letter always indicated screw design where “X” was the standard screw and “M” was the mixing screw. For example, CM250 was a CFABS to ABS material transition printed at 250 RPM using the standard nozzle with mixing screw. Table 5‑2 also lists the printed transitions with associated abbreviations.
[bookmark: _Toc136595474]Material Composition
All samples for compositional analysis were extracted using an Isomet 1000 Precision Saw. Chapter 3 and previous work [102] demonstrated that samples 8.4 mm long in the print direction consistently represented the composition of the surrounding area, so
[bookmark: _Ref136587921][bookmark: _Toc136595418]Table 5‑2. Material transitions printed for this study and their associated parameters.
	Abbreviation
	Parameter Description

	AM100
	ABS to CFABS – 
	Standard Nozzle –
	Mixing Screw –
	100 RPM

	AM150
	ABS to CFABS –
	Standard Nozzle –
	Mixing Screw –
	150 RPM

	AM200
	ABS to CFABS –
	Standard Nozzle –
	Mixing Screw –
	200 RPM

	AM250
	ABS to CFABS –
	Standard Nozzle –
	Mixing Screw –
	250 RPM

	AM300
	ABS to CFABS –
	Standard Nozzle –
	Mixing Screw –
	300 RPM

	AM350
	ABS to CFABS –
	Standard Nozzle –
	Mixing Screw –
	350 RPM

	AX100
	ABS to CFABS –
	Standard Nozzle –
	Standard Screw –
	100 RPM

	AX150
	ABS to CFABS –
	Standard Nozzle –
	Standard Screw –
	150 RPM

	AX200
	ABS to CFABS –
	Standard Nozzle –
	Standard Screw –
	200 RPM

	AX250
	ABS to CFABS –
	Standard Nozzle –
	Standard Screw –
	250 RPM

	AX300
	ABS to CFABS –
	Standard Nozzle –
	Standard Screw –
	300 RPM

	AX350
	ABS to CFABS –
	Standard Nozzle –
	Standard Screw –
	350 RPM

	CM100
	CFABS to ABS –
	Standard Nozzle –
	Mixing Screw –
	100 RPM

	CM150
	CFABS to ABS –
	Standard Nozzle –
	Mixing Screw –
	150 RPM

	CM200
	CFABS to ABS –
	Standard Nozzle –
	Mixing Screw –
	200 RPM

	CM250
	CFABS to ABS –
	Standard Nozzle –
	Mixing Screw –
	250 RPM

	CM300
	CFABS to ABS –
	Standard Nozzle –
	Mixing Screw –
	300 RPM

	CM350
	CFABS to ABS –
	Standard Nozzle –
	Mixing Screw –
	350 RPM

	CX100
	CFABS to ABS –
	Standard Nozzle –
	Standard Screw –
	100 RPM

	CX150
	CFABS to ABS –
	Standard Nozzle –
	Standard Screw –
	150 RPM

	CX200
	CFABS to ABS –
	Standard Nozzle –
	Standard Screw –
	200 RPM

	CX250
	CFABS to ABS –
	Standard Nozzle –
	Standard Screw –
	250 RPM

	CX300
	CFABS to ABS –
	Standard Nozzle –
	Standard Screw –
	300 RPM

	CX350
	CFABS to ABS –
	Standard Nozzle –
	Standard Screw –
	350 RPM

	SAM100
	ABS to CFABS –
	Mixing Nozzle –
	Mixing Screw –
	100 RPM

	SAM200
	ABS to CFABS –
	Mixing Nozzle –
	Mixing Screw –
	200 RPM

	SAM300
	ABS to CFABS –
	Mixing Nozzle –
	Mixing Screw –
	300 RPM

	SCM100
	CFABS to ABS –
	Mixing Nozzle –
	Mixing Screw –
	100 RPM

	SCM200
	CFABS to ABS –
	Mixing Nozzle –
	Mixing Screw –
	200 RPM

	SCM300
	CFABS to ABS –
	Mixing Nozzle –
	Mixing Screw –
	300 RPM



	Table 5-2 Continued

	
	
	

	Abbreviation
	Parameter Description

	TCM100
	TPU to CFABS –
	Standard Nozzle –
	Mixing Screw –
	100 RPM

	TCM200
	TPU to CFABS –
	Standard Nozzle –
	Mixing Screw –
	200 RPM

	TCM300
	TPU to CFABS –
	Standard Nozzle –
	Mixing Screw –
	300 RPM

	CTM100
	CFABS to TPU –
	Standard Nozzle –
	Mixing Screw –
	100 RPM

	CTM200
	CFABS to TPU –
	Standard Nozzle –
	Mixing Screw –
	200 RPM

	CTM300
	CFABS to TPU –
	Standard Nozzle –
	Mixing Screw –
	300 RPM


specimens were cut to be between 8.4 mm and 10.0 mm. Selecting locations for composition testing was a recursive process. Initially, testing sites were selected visually based on color and expected transition behavior. Thereafter, the measured compositions were consulted to identify where greater resolution in the shape curve was needed.
Following the procedure presented in Chapter 3.2, material composition was determined using UAD to measure the wt % CF in each specimen. The ABS-CFABS transitions utilized 50 mL of acetone as a solvent to separate matrix and fibers. Since TPU exhibited a significant chemical resistance to acetone, TPU-CFABS samples were submerged in 60 mL of dimethyl sulfoxide (DMSO) [133]. All solutions were contained in sealed borosilicate glass test tubes and suspended in a CPX3800 Ultrasonic Bath heated to 50 °C to increase the reaction rate. The time required for complete dissolution varied from 2 hr for ABS-CFABS transition specimens in acetone to 15 hr for TPU-CFABS samples using DMSO. Despite the slow dissolution process, DMSO was preferred in later studies due to an improved accuracy at low fiber weightings. Fibers were separated through vacuum filtration using Whatman Grade GF/A glass microfiber filters (47 mm diameter with 1.6-micron pores). Samples were dried at 80 °C for four hours prior to UAD and after vacuum filtration to obtain the dry mass of both the initial composite and residual fibers using a RADWAG AS 220.R2 with 0.1 mg accuracy.
[bookmark: _Toc136595475]Measuring Complex Viscosity
Viscoelastic properties were anticipated to influence transition behavior, specifically the difference in material viscosity as outlined in Chapter 2. Initial curves presented in Chapter 3 illustrated this expected effect by showing the difference caused by reversing transition direction. The complex viscosity, η*, of ABS, CFABS, and TPU were determined using TA Instruments Discovery Hybrid Rheometer-2 (DHR2) and 25 mm parallel plate geometry by performing oscillatory frequency sweeps between 628 rad/s and 0.1 rad/s with an applied strain of 0.1 % [60, 134]. Although TPU is typically processed at lower temperatures, the tests were conducted at 250 °C to simulate the printing environment. Complex viscosities were recorded and compared to illustrate the difference in viscoelastic behavior and material flow under the applied processing conditions.
[bookmark: _Toc136595476]Material Densities
The density of each material was measured for four different material states. The bulk densities (ρb) of the pelletized feedstock were measured five times and averaged in accordance with ASTM D1895 using a custom apparatus constructed with the specified materials and dimensions [119]. The melt density (ρm) at 250 °C was measured using a Dynisco Laboratory Capillary Rheometer 7001 (LCR) as instructed by ASTM D3835 [120]. The LCR was also used to find the compressed bulk density (ρc) by applying pressure to feedstock of a known mass at room temperature then calculating the density using the known chamber dimensions and plunger position. Changes in ρc due to increased pressures at higher screw speeds were considered negligible due to documented evidence showing that ABS and other amorphous thermoplastics exhibited minimal relationship between density and pressure [121]. These constant densities were reported in Table 5‑3. The densities of the printed extrudates (ρE) were measured using a Quantachrome Helium 
[bookmark: _Ref136543359][bookmark: _Toc136595419]Table 5‑3. Measured material densities.
	Material
	Bulk Density, ρb (g/cm3)
	Compressed Bulk Density, ρc (g/cm3)
	Melt Density, ρm (g/cm3)

	ABS
	0.664
	0.653
	0.916

	CFABS
	0.633
	0.6683
	0.894

	TPU
	0.715
	0.715
	0.876


Pycnometer and standard deviation goal of 0.0005 g/cm3, following ASTM D792 and ASTM D6226 when possible [122, 123]. The ρE measured for each condition was reported in Appendix B, Table B-7.
[bookmark: _Toc136595477]Volumetric Flow Rates
Since multiple BAAM configurations and screw speeds were used in these experiments, Q was measured for each combination indicated in Table 5‑2Error! Reference source not found. to obtain accurate flow rate measurements for all print conditions. For all measurements, a timed extrusion using BAAM dual hopper was conducted, and Q was calculated from the dry mass of the extrudate, elapsed time, and ρE, per Equation 4-14 and ASTM D1238 Procedure A [118]. The measured flow rates were also reported in Table B-7.
[bookmark: _Toc136595478]Analyzing Transition Behavior
Initial transition curves were plotted as a function of length and VN to illustrate the importance of normalization. Transition analysis was conducted using the normalized volume framework to plot material composition as a function of VN detailed in the previous chapter. The VR for each system configuration was calculated using measured material properties and component volumes obtained from 3D models and reported in Table B-6. Gantry travel speeds were pulled from the g-code generated for each print, and the travel distance was measured along the center of the bead to match the movement specified by the g-code. The travel speeds for each print path schematic at each screw speed are reported in Appendix B, Table B-8. The zone lengths for each transition were measured, and the model presented in Chapter 4 was implemented to quantify transition behavior as a function of transition start (XT), stop (XS), and initial slope. Initial slope was defined as the derivative of the model at 1 % of the material transition. These parameters were used to compare transition behavior across print conditions. Finally, to satisfy the physical conditions imposed by V1, the modeled curves were translated by Vshift.
[bookmark: _Toc115255572][bookmark: _Toc136595479]Results and Discussion
Material transition shape curves were created using the normalized volume method and UAD to plot material composition as a function of VN. The curves generated were fit to the transition curve model. The modeled curves were shifted to satisfy the conditions for V1 using Vshift. In each section, the raw shape curves were discussed first and the modeled curves after applying Vshift second.
[bookmark: _Toc115255573][bookmark: _Toc136595480]Complex Viscosity Measurements
Figure 5‑2 shows the complex viscosity (η*) across the measured frequency range for ABS, CFABS, and TPU pellets. As expected, ABS and CFABS exhibited shear-thinning behavior throughout the tested frequency range [108, 134]. The difference in η* was approximately an order of magnitude, concurring with literature expectations that the addition of fibers to a polymer matrix will significantly increase viscosity due to fiber-fiber interactions [135]. During testing of TPU pellets, material loss and discoloration that suggested matrix degradation was observed and led to minimal material remaining between the parallel plate assembly, forming TPU tendrils connecting the parallel plates indicative 
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[bookmark: _Ref134135427][bookmark: _Ref134134123][bookmark: _Toc136595392]Figure 5‑2. Frequency sweeps of CFABS, ABS, and TPU were conducted at 250 °C.
of viscous fingering. Consequently, the latter data points in a TPU sweep exhibited significant noise, regardless of sweep direction. Typical processing conditions for TPU utilize significantly lower temperatures than those required for CFABS [93], so this behavior was attributed to the elevated testing temperatures  As can be seen in Figure 5‑2, valid data was still obtained at lower frequencies, but even limiting tests to a single frequency did not prevent material loss at higher frequencies. Literature indicated that TPU remains shear-thinning at high frequencies, so a power law fit was applied to the TPU data and used to predict η* for the unobtainable high frequencies [136, 137]. Since BAAM processing induces high shear rates near 100 s-1 [60, 138], the η* at 628 rad/s provided the most informative comparison of material viscosity during printing. Therefore, CFABS was expected to exhibit η* nearly an order of magnitude greater than ABS and three orders of magnitude greater than TPU during printing of material transitions.
[bookmark: _Toc136595481]Effect of Normalized Volume
While covered briefly in previous chapters, the effect of the normalized volume method can significantly change how the influence of a parameter or property was interpreted. Figure 5‑3 presents one such case using the full set of AM100, 150, 200, 250, 300, and 350 printed transitions plotted as a function of travel distance (A) and VN (B). Although analyzing the transition behavior across travel distance indicated that an increasing screw speed significantly shifted transition behavior, assessing the same data as a function of VN suggested that there was minimal correlation. This illustrates the importance of using a volumetric approach that reflected actual material deposition rather 
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[bookmark: _Ref134137056][bookmark: _Toc136595393]Figure 5‑3.The AM configuration transitions as a function of A) travel distance and B) normalized volume.
than relying on expectations that the same volume of material would be deposited for every transition despite the change in material and processing conditions.
[bookmark: _Toc136595482]Extrusion Screw Rotational Speed
First, the influence of screw rotational speed was investigated. Figure 5‑3 indicates that, after placing the shape curves on an appropriate scale for comparative analysis, there was negligible difference in transition behavior due to screw speed. Although contrary to expectations, the changes in SSE associated with screw speed could be obscured by the noise of transition curve measurements. Table B-9 shows that even an exaggerated shifting of the melt location by 4D to the end of the feed zone of the screw led to a less than 5 % reduction in VR from 100 RPM to 300 RPM, suggesting that screw speed effects on zone lengths and locations should be negligible. Figure 5‑4 provides the shape curves generated for CM100, 150, 200, 250, 300, and 350. Although there appeared to be some indication that higher screw speeds led to a slightly shorter ZP, the difference was not significant enough to rule out the effect as noise. Therefore, the location and shape of the transition was considered uninfluenced by screw speed.
Figure 5‑5 compares the 100 RPM and 300 RPM transitions for both directions using the standard nozzle and mixing screw. The significant overlap once again suggests that screw speed was not an influential parameter for transition behavior, which remained true as additional shape curves from other parameter combinations were constructed. More importantly, the disparity in curve onsets with transition direction suggested that even less than an order of magnitude difference in viscosity could impact transition behavior.
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[bookmark: _Ref134137440][bookmark: _Toc136595394]Figure 5‑4. Measured shape curves for the CM configuration.
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[bookmark: _Ref134138027][bookmark: _Toc136595395]Figure 5‑5. ABSCFABS and CFABSABS showing the effect of transition direction.
Figure 5‑6 shows the fit and shifted models for each of the six material transitions. Here, the 100, 150, and 200 RPM curves were nearly identical while the 250, 300, and 350 RPM curves exhibited no trend related to screw speed. However, applying Vshift did show that the closer XT was to 1, the shorter the resulting transition zone. This effect was an expected consequence of the physical limitations imposed by VR. Figure 5‑7 quantified this behavior for both the AM (blue) and CM (gray) (Appendix A, Figure A-9) sample sets by taking the derivative of the model to measure the instantaneous slope where the transition was 1 % complete. In all but the 250 RPM transitions, the derivative was higher for CM than AM, suggesting that the change in composition was occurring faster for CFABSABS transitions than ABSCFABS. This trend supports the observations from Figure 5‑5 that changing transition direction directly affected XT and quantifies the “steeper” gradients seen in the CM curves with shorter ZT.
[bookmark: _Toc136595483]Extrusion Screw Design
Using the previous figures, the influence of screw design (mixing vs standard) was investigated by comparing material transitions printed under the same specified conditions using a standard screw design instead of the custom mixing design developed for BAAM. While the measured shape curves for the ABS to CFABS direction with standard screw and nozzle (AX) configuration (Appendix A, Figure A-10) exhibited significant overlapping behavior similar to Figure 5‑4, the model results shown in Figure 5‑8 had noticeably different shapes. Since there was once again no correlation to screw speed, the average XT and XS were taken for all six screw speeds to act as representative of transition
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[bookmark: _Ref134138176][bookmark: _Toc136595396]Figure 5‑6. The modeled shape curves for the AM configuration.
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[bookmark: _Ref134138651][bookmark: _Toc136595397]Figure 5‑7. The instantaneous slope at 1 % completion of material transition, representing the “steepness” of each curve.
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[bookmark: _Ref134139655][bookmark: _Toc136595398]Figure 5‑8. The modeled shape curves for the AX configuration.
behavior using this configuration. When comparing the average values, the AX configuration had a longer ZP, shorter ZT, and smaller LS than the AM configuration, indicating a shorter overall material transition. Although the differences were small, these findings suggest that the mixing screw design increased mixing during extrusion such that the discrete feedstock boundary was extended over a greater material volume than when using the standard design.
For the opposite direction, the effect of geometry was unclear. The CFABS to ABS transitions with standard screw and nozzle (CX) printed at 100 RPM (CX100) and 150 RPM (CX150) transitions were outliers both in the measured shape curves (Appendix A, Figure A-11) and in the modeled shape curves shown in Figure 5‑9. Interestingly, the separation between the two outlier transitions and the other four increased after modeling. For the CX configuration, the average XT and XS were 0.81 and 1.52, respectively. Comparing the average XT (0.81) and XS (1.54) for the CFABS to ABS direction with mixing screw and standard nozzle (CM) configuration shows a nearly exact match. However, if CX100 and CX150 were not considered representative of the other CX transitions, XT increased (0.84) and XS decreased (1.45), matching the trends seen for the opposite direction transitions. Overall, this suggests that the increase in mixing during extrusion caused by the mixing screw design led to increased blending of the discrete boundary, elongating the material transition.
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[bookmark: _Ref134140695][bookmark: _Toc136595399]Figure 5‑9. The modeled shape curves for the CX configuration.
[bookmark: _Toc136595484]Nozzle Design
While investigating the influence of nozzle design on transition behavior, a distinct difference in the extrudate was observed. As shown by images in Figure 5‑10 from previously published work [130], there was a significant difference in cross-section geometry when comparing transitions printed using the standard nozzle (A) to the SMN (B). As a result, the cross-sectional area of the beads decreased despite maintaining print conditions and dimensions. Furthermore, artificially brightening each image equally illustrated a morphology change where the SMN sample contained fewer instances of discrete regions, suggesting improved mixing. As can be seen in Tables B-7 and B-8, increasing screw speeds caused greater increases in Q for the standard nozzle than the mixing nozzle, and the travel speed for the mixing prints was slightly faster for the mixing nozzle than the standard. Due to these differences, the SMN was effectively depositing a smaller bead throughout the print, explaining the discrepancy in shape and area. This unexpected change in behavior again demonstrated the effectiveness of the normalized volume method, which inherently included the changes in deposition when calculating sample location and transition progression.
In relation to transition behavior, the reduced Q measured for the SMN transitions was likely due to the complex internal geometry inhibiting material flow, as intended by the design. If the flow was inhibited, an equivalent increase in back-pressure flow would be expected. In turn, the interactions between the drag flow and back-pressure flow during SSE should increase, which typically leads to increased mixing of the polymer melt [139].
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[bookmark: _Ref134142585][bookmark: _Toc136595400]Figure 5‑10. Brightened optical images of cross-sections with similar fiber content printed using different nozzle types: A) standard and B) static mixing. 
Therefore, if the observations in the previous section hold true, transitions printed with both the mixing screw and SMN were expected to show signs of increased mixing, such as a shortened ZP and larger LS. The top and bottom of Figure 5‑11 show the modeled shape curves for the ABS to CFABS direction with mixing nozzle and screw (SAM) and CFABS to ABS direction with mixing nozzle and screw (SCM) configurations as A) and B), respectively. The original measured shape curves were included in Appendix A, Figure A-12. For the SAM configuration, average values of XT (0.71) and XS (1.83) were significantly different from the previous configurations, matching expectations of increased mixing. Notably, the increase in LS was much greater than the reduction in LP, but the material composition at V1 continued to be approximately 60 % material B. As with previous configurations, transitioning from high viscosity to low viscosity reduced the mixing behavior, leading to a comparatively longer ZP and shorter ZT. Including all three transitions, the mixing nozzle exhibited minimal influence on transition behavior in the CFABS  ABS direction when comparing SCM XT (0.81) and XS (1.55) to the CM configuration. However, discarding SCM100 as an outlier increases XT (0.82) and decreases XS (1.50) to values between CX and CM configurations. This suggests the possibility that the increased back-pressure flow increases mixing within the CFABS, but the change was negligible compared to the ASB  CFABS direction due to the much higher viscosity of CFABS.
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[bookmark: _Ref134143551][bookmark: _Toc136595401]Figure 5‑11. The modeled shape curves for the A) SAM and B) SCM configuration.
[bookmark: _Toc136595485]Significantly Different Complex Viscosities
A second material pair was investigated to further study the influence of transition direction and the role of the difference in viscosity. Figure 5‑12 shows the modeled shape curves for the TPU to CFABS direction with mixing screw and standard nozzle (TCM) (A) and CFABS to TPU with mixing screw and standard nozzle (CTM) (B) configurations. As before, the material transitions were not affected by changes in screw speed, leading to nearly overlapping shape curves. The TCM configuration had an average XT of 0.74 and XS of 1.71 while the CTM configuration had an average XT of 0.78 and XS of 1.63. Again, transitioning from high viscosity to low viscosity produced a comparatively shorter ZT. In addition, the increased difference in viscosity for the TPU and CFABS compared to ABS and CFABS led to relative increases in ZT for both transition directions. The CTM configuration LT was larger than the other three transitions starting with CFABS, but the TCM configuration LT was only larger than the AM and AX configurations.
[bookmark: _Toc115255577][bookmark: _Toc136595486]Summary and Conclusions
The complex viscosities of the three materials studied were found using parallel plate rheology. η* for CFABS was nearly an order of magnitude larger than for ABS and three orders of magnitude larger than for TPU at typical BAAM processing conditions for CFABS. Two examples were provided that demonstrated the importance of the normalized volume method for analyzing material transitions. Comparing VN to travel distance showed that measuring transition location by travel distance alone failed to consider changes in volumetric throughput, and comparing bead cross sections printed using different nozzle 
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[bookmark: _Ref134144824][bookmark: _Toc136595402]Figure 5‑12. The modeled shape curves for the A) TCM and B) CTM configuration.
designs illustrated the need for a method that included print deviation from the programmed g-code in the analysis steps to avoid inaccurately representing material transitions. 
The influence of screw speed on transition behavior was negligible across all studies, so transitions printed at different screw speeds using the same configurations were treated as similar samples within a set. An average transition curve for a given configuration was then determined by averaging XT and XS.  Table 5‑4 summarizes the resulting values and includes the average XP to compare the impact of component design and material viscosity on the behavior of dual hopper material transitions. Clearly, the addition of mixing designs led to reduced purge lengths (smaller XT) and increased transition lengths (LT), indicating that the material boundary was distributed across a greater volume of material due to the increased mixing during SSE. Although the decreasing XT contributed to the extension of LT with the addition of mixing designs, an increasing XS provided a greater fraction of the increase in LT. For the studied components, the SMN exhibited a greater impact than the mixing screw. While this held true for both ABS to CFABS and CFABS to ABS transition directions, the effect was significantly greater in the former. Investigating the effect of viscosity on transition direction differences was best illustrated by comparing the TPU-CFABS transitions to the ABS-CFABS transitions printed with the same configurations. As expected, increasing the difference in complex viscosities between the constituent materials led to an extended transition zone, as indicated by the differences in LT. Again, this was indicative of an increase in mixing during SSE. Therefore, both component design and the difference in material viscosities were both shown to influence the length of the transition zone. For BAAM dual hopper, transition direction determined which of the two factors had the greatest influence. When increasing in viscosity, the material transitions were more sensitive to component design while transitions decreasing in viscosity were more sensitive to the difference in viscosity of the two material viscosities. Although absolute limits exist due to material switching mechanism, these results suggest that transitions could be tuned by adjusting component design or including viscosity modifiers in the desired materials, enabling intentional design of the continuous FGM produced by BAAM dual hopper material transitions. For example, introducing a mixing nozzle to the TPU-CFABS transitions would be expected to further reduce XT and increase XS past those measured for the ABS-CFABS transitions printed using the mixing nozzle. 
[bookmark: _Ref135471955][bookmark: _Toc136595420]Table 5‑4. The transition start and stop points and LT showing the various zone lengths.
	Transition Direction
	ABS to CFABS
	TPU to CFABS
	CFABS to ABS
	CFABS to TPU

	Screw Design
	Standard
	Mixing
	Mixing
	Mixing
	Standard
	Mixing
	Mixing
	Mixing

	Nozzle Design
	Standard
	Standard
	Mixing
	Standard
	Standard
	Standard
	Mixing
	Standard

	XT (Transition Start)
	0.81
	0.79
	0.72
	0.74
	0.84
	0.81
	0.81
	0.78

	XS (Transition End)
	1.53
	1.58
	1.83
	1.71
	1.45
	1.54
	1.56
	1.63

	LT (Transition Length)
	0.72
	0.77
	1.12
	0.97
	0.71
	0.73
	0.75
	0.85



[bookmark: _Toc136595487]In-Situ Mixing and Mechanical Characterization of Transitions
[bookmark: _Toc136595488]Background
Mechanical performance of the transition region is paramount for design of printed structures, and the microstructure of the base material largely determines the properties of the structure. For LFAM, the interaction is exacerbated by two different levels of microstructure: the constituent beads and the internal microstructure of each bead. As such, the internal microstructure and inter-bead adhesion both contribute to overall mechanical performance and may also be impacted by a material transition. Previous studies have documented inhomogeneous microstructures when using standard BAAM dual-hopper equipment {Brackett, 2022 #493}, and more examples are provided in Figure 6‑1. These observations of inhomogeneous morphologies and regional microstructures motivated initial attempts to improve mixing during extrusion. A custom technique was used to roughly quantify how “mixed” the cross-section of the bead was, and then a series of microhardness indentations were conducted. To complement this microstructural evaluation, DMA and tensile testing were conducted on multi-layer, printed structures, and the resulting storage moduli were plotted as a function of material composition. Then, the initial print was compared to structures printed with differing nozzle designs to determine if improvements in mixing affected full-structure properties.
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[bookmark: _Ref136556566][bookmark: _Toc136595403]Figure 6‑1. A comparison of bead microstructures from two material transitions that differed only in nozzle design: standard (A, C, and E) and static mixing (B, D, and F). 
[bookmark: _Toc115255580][bookmark: _Toc136595489]Experimental
Unless otherwise listed, experimental conditions were kept identical to those in Chapter 5. Samples were printed using BAAM dual hopper. Microhardness and optical imaging cross-sections were taken directly from printed transitions described in Chapter 5. Mechanical specimens were obtained from single-walled prints that allowed the transition to start at the same place and significant time to end before moving to the next transition sample. Three nozzle designs were utilized with the mixing screw to create three configurations for each transition direction. Dynamic Mechanical Analysis (DMA) and UAD were used to obtain storage moduli and material compositions, respectively. These two properties were then plotted as a function of a normalized extruded volume to assess mechanical response as a function of material composition within the transition region.
[bookmark: _Toc115255581][bookmark: _Toc136595490]Materials
Two materials provided by Techmer PM were used for all prints: HIFILL ABS 1512 3DP (ABS) and ELECTRAFIL ABS 1501 3DP (CFABS). Prior to printing and mass measurements, feedstock, printed samples, and UAD residue were dried at 80 °C for at least four hours. 
[bookmark: _Toc115255582][bookmark: _Toc136595491]Nozzle Design
Three different nozzle designs were used to print material transition “U’s”. In addition to the standard and SMN designs studied in Chapter 5, a second iteration of the SMN design was used that employed a compression zone that added roughly 15 mm of length compared to the original design (50 mm compared to the standard nozzle). This new compression static mixing nozzle (C-SMN) was used solely for mechanical sample prints and differed internally from the SMN design only by the addition of a tapered internal diameter after the static mixing geometries. Again, unique nozzle assembly and residual volumes were calculated using C-SMN models (Tables B-3 and B-6). The diameters of the standard, SMN, and C-SMN were 1.02 cm (0.4 in), 1.27 cm (0.5 in), and 0.76 cm (0.3 in), respectively.
[bookmark: _Toc136595492]BAAM Extrusion Conditions
Thermal conditions were kept constant using a 250 ºC melt temperature, a 100 ºC bed temperature, and a 255 ºC nozzle temperature for each set of print conditions. Each print was deposited onto ABS build sheets that were attached to the build platform. The mixing screw design was used for all prints unless otherwise specified when discussing a cross-section from Chapter 5. Bead width and height were set to 1.40 cm (0.55 in) wide and 0.51 cm (0.20 in) tall for the standard and SMN. The C-SMN prints used 1.02 cm (0.4 in) and 0.38 cm (0.15 in) to accommodate the smaller nozzle diameter. Standard and SMN prints were 35 layers tall while the C-SMN prints were 47 layers tall to achieve approximately a height of 17.8 cm (7.0 in). Due to the extended length and heating attachment required for the mixing nozzles, the tamper typically included in BAAM prints to improve layer bonding was not used. The rotational speed of the extrusion screw was held constant at 300 RPM for all new prints, and all cross-sections investigated were extracted from transitions printed at 300 RPM.  The travel speeds were 9.90 cm/s (3.8976 in /s), 9.90 cm/s (3.8976 in/s), and 20.30 cm/s (7.9921 in/s) for the standard, SMN, and C-SMN prints, respectively. The layer times were 137 s for standard and SMN prints and 160 s for the C-SMN printed structures.
[bookmark: _Toc136595493]Print Path Design
Cross-sections for optical imaging, grayscale analysis, and microhardness indentation were extracted from already-printed material transitions discussed in Chapter 5. They were identified using the previous nomenclature (Table 5-2), i.e. SAM200 indicates a static mixing nozzle with mixing screw printed a transition in the ABS CFABS direction at 200 RPM.
Two new print path designs developed to accommodate mechanical samples were utilized in this chapter. The first new design shown in Figure 6‑2A was used for standard and static mixing nozzle (SMN) prints. An example print is shown in Figure 6‑2B. The zero-infill, block “U” shape was intended to minimize the number of corners while also limiting the number of walls too small for sample extraction. The printed parts were 27 layers tall, approximately 14 mm.
The second new print design is shown in Figure 6‑3. The C-SMN was expected to require a significantly longer travel distance to complete the material transition due to a significantly reduced flow rate at the specified conditions. Therefore, additional “legs” were added to the original block “U” to add in more straight walls while still limiting the material printed into un-usable corners.
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[bookmark: _Ref134168939][bookmark: _Toc136595404]Figure 6‑2. A) A schematic of the block “U” print path. B) Completed U prints.
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[bookmark: _Ref134170556][bookmark: _Toc136595405]Figure 6‑3. Schematic showing the altered U used for the C-SMN
[bookmark: _Toc115255584][bookmark: _Toc136595494]Sample Extraction
Two types of samples were obtained from the printed structures and so required two different sampling approaches.
Micro-Scale Analysis Samples
Cross-sections were extracted from material transitions discussed in Chapter 5 for either microhardness indentation or mixing analysis via optical imaging and grayscale analysis. Sample selection was based on previous compositional measurements to obtain samples of similar wt % CF. Mimicking the compositional analysis extraction method, an Isomet 1000 Precision saw was used to retrieve a sample 8.4 mm long in the print direction from a rod previously sectioned with a band saw. Extensive labelling conventions ensured samples were traceable to the original location within the transition. The naming convention outlined in Chapter 5 was continued here for simplicity, but with one addition. Following the full sample set name, an identifier was given to each cross-section in the form of “-J4-B” where the number and second letter changed based on location within the transition.
Mechanical Specimens
Due to the rapid change in composition in BAAM dual hopper material transitions, especially near XT [140], mechanical characterization of a printed structure had a narrow window for acceptable testing within the constraints. If a specimen were intended to be representative of a specific composition or point within ZT, then any x-direction specimen must be suitably short. Compositional testing suggested that significant changes in composition can occur within distances as small as 7 cm, as shown by Figure 6‑4. However, to test the properties of the structure rather than a single interface or bead, samples should still span multiple beads. Due to these constraints, oscillatory 3 pt bend testing by DMA was chosen as a representative analysis tool instead of traditional flexural testing so that a smaller sample size could be utilized. In accordance with ASTM D5023, printed specimens were milled to approximately 2.6 mm thick to match the span length of 40 mm [141]. Following machining, DMA bars 6.35 cm x 1.27 cm (2.5 in x 0.5 in) were cut from appropriately thick plate using an OMAX waterjet system in both the x- and z-directions. The locations of these DMA samples were tracked as before with the center of the bars being considered the location of that sample. Figure 6‑5 provides a visual example.
[bookmark: _Toc136595495]Polishing Procedure
Before imaging or indenting sample cross-sections, the specimens were mounted in an EpoxiCure 2 puck and allowed to cure overnight in preparation for polishing. The edges on the back side were ground first to provide a flat contact area for the polishing system to apply force to the puck during polishing. Next, the face containing the sample was ground using a six-slot AutoMet 250 autopolisher to ensure sample faces were fully visible and not covered by epoxy. A contra-rotating orientation with platen at 90 RPM and head at 60 RPM and 2 lbs force was used to grind the sample for 1 minute each at 180, 240, 320, 400, 600, and 800 grit SiC paper. The mount was cleaned between each grinding and polishing step to minimize scratches caused by debris. For the polishing steps, a complimentary rotation with both head and platen speeds set to 60 RPM with 3 lbs force. 
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[bookmark: _Ref134174584][bookmark: _Toc136595406]Figure 6‑4. A snapshot of an example transition indicating how the physical distances traveled, showing the need for small mechanical samples.
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[bookmark: _Ref136588681][bookmark: _Toc136595407]Figure 6‑5. An image of printed, milled, and waterjet DMA bars showing that the travel distance for the marked x-direction samples was at sample center.
The required surface finish was attained by polishing for 20 minutes with a 6 µm diamond suspensions followed by 10 minutes with a 3 µm diamond suspension and finished using a colloidal silica for 25 minutes. For each of these three steps, periodic adding of more solution was required approximately every 45 second.
[bookmark: _Toc136595496]Microhardness Evaluation Procedures
Vickers Hardness (HV) was measured using micro indentation in two stages. Initial testing used a manual Wilson VH1202 Micro Hardness Tester to characterize a cross pattern centered on the center of the bead, as shown in Figure 6‑6. Following verification that the visibly different regions (circled in Figure 6‑6) exhibited differences in HV, a LECO LM-110AT autoindenter was used for an in-depth grid indentation investigation. Testing parameters were set to 100 gf to ensure indents were significantly larger than the constituent carbon fibers, and a 15 s dwell provided good indentation marks with no visible fracture. These findings agree with relevant literature [142, 143]. Based on initial testing in both ASB and CFABS regions, a spacing of 400 µm center-to-center between indents was required for testing to be valid per ASTM E384 [144]. If indentations were made too close to the edges of the sample or surface defects, the measurements were discarded. Average HV was plotted as a function of fiber content. To better understand how the hardness varied by region, a heat map was overlaid on optical images of the tested cross sections.
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[bookmark: _Ref134178835][bookmark: _Toc136595408]Figure 6‑6. An optical image showing the ABS (blue) mixed (purple) and CFABS (red) heavy regions and identifying which type each indent was.
[bookmark: _Toc136595497]Optical Imaging
Following micro indentation of the selected cross-sections, the polished and indented samples were imaged using a Keyence VHX-5000 digital microscope. Included 2-D stitching software to create an image of the full sample at 200x magnification. To avoid any effects caused by changes in lighting or environmental conditions, images were taken sequentially in the same day without adjusting any lighting options on the system. While this left some of the samples difficult to see, this was done intentionally to enable unbiased comparisons of pixel color in Section 6.2.9. The stitched images were saved and used as a base layer for the microhardness overlay and as source images for the mixing analysis. In addition, these images allowed manual inspection of each indent that was difficult on the autoindenter, ensuring only valid indents were included in the analysis. 
[bookmark: _Toc136595498]Quantifying Mixing
In an alternative approach to the microhardness overlay, an image processing technique was implemented to quantify how “mixed” a given cross-section was in relation to other samples with a similar material composition. First, the images obtained in 6.2.8 were converted from color to grayscale using the ImageJ image processing software. Still in ImageJ, a region of the image matching the bead cross-section was identified for measurement, and the software then exported the pixel count within that region for each grayscale value (GSV) 0 - 255. The pixel count was plotted as a function of GSV, and the resulting curve was compared to 1) other samples from the same material transition and 2) samples with a similar material composition. This Grayscale Analysis (GA) was intended to quantify the mixed condition of each sample relative to similar samples, but it did not provide an absolute measurement of how “mixed” or homogenous a sample was.
[bookmark: _Toc115255585][bookmark: _Hlk116577710][bookmark: _Toc136595499]Dynamic Mechanical Analysis
Mechanical testing was conducted using a TA Instruments Discovery Hybrid Rheometer (DHR) in “Three-Point Bend DMA” mode to find the storage modulus, G’, through oscillatory DMA testing of five samples with identical composition. The selected testing procedure ran a logarithmic frequency sweep over a standard range of 0.1 Hz to 10 Hz at room temperature, collecting four points per decade. In accordance with ASTM D5023, the strain amplitude was set to 0.01 % and the initial static force was 1 N [141]. As mentioned in 6.2.5, the DHR was equipped with a span of 40 mm, so specimens were made thinner than suggested by ASTM D5023 to remain well within tolerances. The average width and thickness of each specimen were recorded and provided to the testing software. Both x-direction and z-direction samples were tested to investigate the effect of the transition zone on both bead and interface strengths. Although DMA testing provides many other important properties, this study focused on trends in G’ and compared them to associated shape curves. The standard deviation in G’ was compared across nozzle designs with the expectation that an improvement in mixing would lead to a reduced deviation in properties.
[bookmark: _Toc115255588][bookmark: _Toc136595500]Results and Discussion
[bookmark: _Toc115255589][bookmark: _Toc136595501]Microhardness Analysis
Figure 6‑7 plots the average microhardness and standard deviations for the grid indentation procedure as a function of fiber content. Although there was a clear increase in average hardness with increasing fiber content for all print configurations, there was negligible difference between samples of similar composition. This was largely due to the significant increases in standard deviation observed with increasing fiber content. Further, AM300 had one sample that did not fit into the observed trends in any way, so it was chosen as part of the overlay investigation.
Figure 6‑8 shows six indentation samples overlaid with a heat map of dots representing the relative hardness values where red and blue were the extremes and white represented the middle. Figure 6-7A and B were from the SAM configuration, C and D were from the AM configuration, and E and F were from the AX configuration. The right-hand images were all measured to be between 12 and 13 wt % CF. The left-hand images were measured as being 9 wt % CF (A and E) and 3 wt % CF (C). Image C shows the outlier sample from Figure 6‑7, which does seem to show a consistently high hardness throughout the cross section. Interestingly, the most likely regions to be soft were also those with bad indents, which could have led to an un-representative average value. More importantly, a visual comparison of the color distribution indicates a relative increase in homogeneity with increased focus on mixing. Specifically, image B shows how the SMN appears to have reduced the heterogenous structure seen in images D and F. While D and 
[image: A picture containing text, screenshot, diagram, number

Description automatically generated]
[bookmark: _Ref134179799][bookmark: _Toc136595409]Figure 6‑7. The average Vickers Hardness as a function of wt % CF.
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[bookmark: _Ref134181608][bookmark: _Toc136595410]Figure 6‑8. Cross-sections with microhardness overlay from SAM (A/B), AM (C/D), and AX (E/F) configurations with 13 wt % CF in the right column and 3 wt % CF in A and E.
F have numerous instances of extreme values (dark blue and dark red), image B had no soft (dark blue) regions and limited lighter blue regions. While not easily quantified, color-coding hardness into a visual overlay appeared to confirm the that the distinct regionality seen in standard nozzle samples led to an increased variation in resistance to deformation whereas the SMN produced a more homogeneous cross-section.
[bookmark: _Toc136595502]Optical Analysis of Mixing Performance
Figure 6‑9 provides images that were processed using GA as well as the resulting GSV distribution. Appendix C provides unaltered images of all twenty-three cross sections investigated, grouped by configuration. Figure 6‑9A was printed with the AM configuration and had 3 wt % CF, and Figure 6‑9B shows the grayscale image of a 4 wt % CF sample printed with the SAM configuration. Clearly, there appears to be a more even distribution of color throughout SAM image than the AM image. This was reflected in Figure 6‑9C by the distinct difference in GSV distribution. The SAM sample had a much narrower peak than the AM sample. While image B had an average GSV of 60.9 and standard deviation of 26.8, image A had an average GSV of 114.6 with standard deviation 35.6. Considering the agreement between these calculations and visual observations, the GA method was applied to all cross-sectional images.
Figure 6‑10 provides the GSV distributions for all data sets. When comparing samples printed with the mixing nozzle to any of the other data sets, there was a significant decrease in standard deviation and a narrower peak.
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[bookmark: _Ref134190620][bookmark: _Toc136595411]Figure 6‑9. Cross-sections of similar fiber content (2-3 wt %) for A) AM and B) SAM. C) GSV distributions for both samples showing the discrepancies in peak behavior.
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[bookmark: _Ref134191483][bookmark: _Toc136595412]Figure 6‑10. GSV distributions for A) AM, B) AX, C) SAM, and D) CX configurations.
[bookmark: _Toc115255591][bookmark: _Toc136595503]Dynamic Mechanical Analysis
Three-point bend DMA data was collected for four distinct experimental groups: x- and z-directions for both ABS to CF and CF to ABS transitions. Since the programmed frequency sweep calculates G’ at each frequency studied, there was a need to verify that using data from a single frequency would not compromise analysis. Thus, the storage moduli calculated at a high (5.62 Hz) and a low frequency (0.18 Hz) relative to the range covered by the frequency sweep were plotted as two separate trends in Figure 6‑11. The average G’ and standard deviation of ABS to CF x-direction samples for each frequency can be seen in Figure 4 as a function of normalized volume. While the difference between high and low frequency G’ increased in the CF/ABS region, the differences were minimal, and values remained well within the standard deviation. More importantly, the same trend can be seen for both data sets: a plateau in the ABS region followed by a gradual increase during the material change that culminates in a second plateau in the CF/ABS region. This behavior was consistent for the three remaining experimental conditions, validating expectations that data from a single frequency within the LVR could be representative of general trends in mechanical response.
To more closely mimic traditional flexural testing, Figure 6‑12 shows both G’ and material composition against the normalized volume. As expected, both curves begin prior to and end after V1, and G’ measurements exhibited a lower-value plateau in the ABS region (purge zone) and a higher-value plateau in the CF/ABS region (steady-state zone). In the transition zone, G’ increased with increasing fiber content. Specifically, any change 
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[bookmark: _Ref134191723][bookmark: _Toc136595413]Figure 6‑11. Storage moduli recorded at low and high frequencies.
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[bookmark: _Ref134191849][bookmark: _Toc136595414]Figure 6‑12. G’ as a percentage of overall increase in G’ and material composition as function of VN.
in material composition had an immediate effect on the calculated storage modulus rather than being a lagging or forward indicator. The increase in G’ as composition changed across the transition zone would be expected from a mixed material region, indicating that mixing during extrusion was sufficient to prevent degraded material properties. Further, the lack of any visible stair-stepping effect suggests that there were no thresholds in material composition that need to be overcome to see a change in mechanical behavior.
As can be seen in Figure 6‑13, z-direction samples exhibited similar behavior as the x-direction samples. This consistent behavior suggests that the transition zone storage modulus can therefore be approximated using a simple rule of mixtures approach based on material composition. Figure 6‑13 also indicated that standard deviation was influenced by two separate phenomena: carbon fiber content and zone changes. For each data set, increasing carbon fiber content led to an increase in standard deviation, and both the onset and end of the transition zone caused spikes in standard deviation. While wt % CF could cause variance through inconsistencies in dispersion and orientation, the spikes when switching zones are most likely due to poor mixing caused by the change in feedstock type and shape.
[bookmark: _Toc115255592][bookmark: _Toc136595504]Summary and Conclusions
Microhardness testing exhibited a strong correlation with fiber content, but the relatively low hardness values and high standard deviation limited the usefulness of comparing average Vickers’ Hardness. However, applying a color map to the measured hardness values and overlaying the generated map on an optical image revealed that the
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[bookmark: _Ref134191908][bookmark: _Toc136595415]Figure 6‑13. x- and z-direction G’ curves as a function of VN, and the composition curve.
presence of a mixing nozzle removed the extreme values seen in other sample sets.
DMA testing enabled a comparative analysis of the macro-scale properties in BAAM dual hopper material transitions. For the studied transitions, the storage moduli changed with material composition and did not suffer any lag or stair-stepping effect. The SAM transition further reinforced this behavior, demonstrating a nearly identical G’ curve compared to a material composition curve. Although the SMN did not reduce deviation as expected, the C-SMN demonstrated a greater G’ in CFABS regions that correlated with a subjective reduction in porosity observed in optical images. In general, non-destructive testing indicated that parts printed using the dual hopper could rely on the transition zone to exhibit mechanical properties as function of material composition, enabling design approaches to treat the material transition as an inserted continuous FGM.
Grayscale analysis techniques were implemented as a tool for qualitatively comparing how mixed or homogenous a sample was compared to those of similar composition. Plotting the GSV distributions of the imaged cross-sections showed that the SMN consistently reduced the deviation observed in the distributions by creating a narrower peak and limiting tail formation. This work shows promise as a quick analysis tool for determining the homogeneity of MM cross-sections whose constituents differ in color or other structure. Although the degree of mixing did not have an apparent impact on the mechanical properties of the meso-structure, the change homogeneity presents opportunities for tailored design and properties with other configurations or material pairs.
[bookmark: _Toc136595505]Conclusions and Future outlook
[bookmark: _Toc136595506]Summary of Research Work
[bookmark: _Toc420995911][bookmark: _Toc422997498]Extensive work was performed to characterize the many influences on BAAM dual hopper material transitions. A model was developed to describe the change in material composition across the blended transition region that can be used as a predictive or analytical tool. The influential print parameters were identified as screw and nozzle design, and the material viscosity was demonstrated to have a significant impact on material transitions. Multiple structures were printed using three different configurations to characterize the mechanical performance of material transitions incorporated into a printed part, and cross-sectional analysis of beads from the printed transition were examined to assess mixing and microhardness.
[bookmark: _Toc115255597][bookmark: _Toc136595507]Implementation of a novel analysis framework and model
The normalized volume framework and constitutive model developed in Chapters 3 and 4 provide a versatile tool for analyzing material transitions printed using the BAAM dual hopper. Considering material transitions as a function of volume prevented misleading conclusions when assessing transition behavior, and incorporating conservation of mass using residual material calculations demonstrated that part design and printing should include the practical limitations of transitions over a certain travel distance in relation to the deposited material volume. Through the normalized volume framework, material transitions printed at a variety of conditions and configurations were compared and illustrated the impact of component design and mixing on transition behavior and microstructure. This process is applicable not just to the BAAM dual hopper but could also be applied to other SSE systems to objectively assess the effect of system design and parameter choice on the transition behavior on that system and, possibly, between systems. 
[bookmark: _Toc115255598][bookmark: _Toc136595508]Screw Speed, Transition Direction, and BAAM Configuration
Material transitions were printed using six different configurations: AM, AX, CM, CX, CTM-TCM, and SAM-SCM. These configurations enabled investigation of screw speed, screw design, nozzle design, and viscosity (transition direction) as influential parameters in material transitions. In all cases, the screw speed exhibited a negligible impact. Instead, transitions printed using the same configuration but at a different speed provided a useful means of obtaining average XT and XS values, which were then compared to the average values in other configurations. These comparisons demonstrated that 1) transitioning from a high viscosity material to a low viscosity material was always less affected by configuration changes than in the opposite direction. 2) the difference in viscosity between the constituent materials appeared to have a greater influence on high to low viscosity transitions than the addition of mixing zones. 3) Low to high viscosity transitions were more sensitive to the addition of mixing components than changes in material viscosity, which suggests that mixing during low to high transitions may be driven by back pressure flow instead of increased laminar mixing caused by the changing screw and nozzle geometries. 4) A longer ZP will always lead to a shorter ZT and sharper initial slope, agreeing with established expectations for conservation of mass in the residual volume. Together, the demonstrated sensitivity of the material transition process suggests that transition length and shape can be controlled through tuning component design and the difference in material viscosity, providing a critical tool for designing printed parts with material transitions.
[bookmark: _Toc115255599][bookmark: _Toc136595509]Microstructural Analysis and Mechanical Performance
The mechanical properties of the material transitions were assessed using DMA and microhardness. Microhardness results indicated an increasing resistance to deformation with increasing fiber content, as expected. Creating a color-coded overlay for images of the microhardness indentations illustrated the benefits of the static mixing nozzle. Compared to the standard nozzle samples, the SMN samples had fewer extreme values and a more consistent color throughout the cross-section. DMA results showed a consistent performance throughout the transition region as a function of material composition. This held true even when changing the configuration used to print the transition. Furthermore, both the x-direction and z-direction samples indicated the transition zone would act as a bridge for mechanical performance, as intended. Finally, the effect of increased mixing on the homogeneity of the printed transition was assessed using a custom grayscale analysis technique. Comparisons of the grayscale distributions helped to qualify visual observations by showing that samples printed using the SMN had a narrow GSV peak as well as a reduced standard deviation compared to those that used the standard nozzle. Despite GSA demonstrating the non-homogeneous morphology of samples printed with a standard nozzle, there was minimal difference in meso-structural properties. Still, the opportunity remains to utilize the change in morphology to further tune printed part properties with different material pairings or designs that further improve mixing.
[bookmark: _Toc115255600][bookmark: _Toc136595510]Future Investigations
Future investigations will compile Chapters 4, 5, and 6 into three distinct journal articles: 1) A publication presenting the model for material transitions and demonstrating its usage to identify the influential processing parameters. 2) An in-depth macro-scale mechanical performance paper that compares the SMN to the C-SMN and standard nozzles and includes additional tensile testing planned for the near future. 3) A micro-scale mechanical performance paper presenting the micro hardness overlays with quantifiable measurements that ties in the GA technique, which will be improved by normalizing the data to obtain a true distribution instead of a simple intensity plot.
Additional work remains possible, especially in the realm of screw design. As shown by Inoue et. al, innovative applications of existing screw design in the compression zone can improve both the dispersive and distributive mixing in SSE with minimal reduction in fiber length. Applying similar designs to LFAM could maintain the critically important composite properties provided by the reinforcing properties while generating a homogenous cross-section, which could lead to reduced deviation in properties of printed parts. Furthermore, results indicate a possibility that the transitions printed at the highest and lowest screw speeds may have acted as bounds within which all other material transitions fell, so further investigation could better clarify any relationship.
Material transitions produced using SSE also provide significant opportunities for further characterization. The effect of filler aspect ratio on cross-section homogeneity as well as material transition behavior was not investigated in this work, and while the influence of viscosity will at least partially consider a changing aspect ratio, an additional influence on transition behavior is possible. Another possible avenue for improving the understanding of material transitions would be the study of a transition between two materials with identical material viscosities could better isolate the contributions of component design and provide a more fundamental understanding of the process. However, such an investigation has limited application to industry needs and could be difficult to motivate.
Finally, modeling of material transitions was effective but relied on custom derivations. Initial results indicate that a Weibull cumulative distribution function may provide a more well-known fit equation for the transition region (F(x)) and possibly improve the fit with the data. However, determining the “true” start point of the transition would still require significant incremental compositional analysis, so a combination of the two techniques to first find the beginning then fit the Weibull CDF may provide the best path forward.
[bookmark: _Toc115255601][bookmark: _Toc136595511]List of Publications
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[bookmark: _Ref136586044]Figure A -  1. The composition shape curves for initial CIN and CIA comparisons.
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[bookmark: _Ref136586179]Figure A -  2. Average Cross-sectional area for several material transitions showing the significant decrease when using the SMN.
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Figure A -  3. The best fit using generalized logistics functions, which still struggled to capture the transition start correctly.
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Figure A -  4. The schematic print path for all SMN prints.
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Figure A -  5. The schematic print path for all TPU-CFABS prints.
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Figure A -  6. Example of an AM configuration transition sample.


[image: A picture containing metal

Description automatically generated]
Figure A -  7. An example of a SMN transition printed using A-4.
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Figure A -  8. An example of a TPU-CFABS printed using A – 5.
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Figure A -  9. Modeled shape curves for the CM configuration.
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Figure A -  10. Measure shape curves for the AX configuration.
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Figure A -  11. Measured shape curves for the CX configuration.
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Figure A -  12. Measured shape curves for the A) SAM and B) SCM transitions.
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Figure A -  13. Measured shape curves for the A) CTM and B) TCM configurations.
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Appendix B: Material Specifications, Variable Identifications, and Constants Tables
[bookmark: _Ref136586169]Table B -  1. Cross-sectional areas of samples from various configurations.
	Group Description
	Sample
	CSA (μm2)
	CSA (cm2)
	wt % CF

	RPM and Geo Study: ABS to CF/ABS at 300 RPM, Non-Mixing Screw
	AX300-J10-B_2DStitch_CSA
	66292093
	0.663
	0.8%

	
	AX300-J14-B_2DStitch_CSA
	72918417
	0.729
	2.3%

	
	AX300-J16-B_2DStitch_CSA
	73746495
	0.737
	9.2%

	
	AX300-J34-B_2DStitch_CSA
	70265644
	0.703
	20.3%

	RPM and Geo Study: CF/ABS to CF ABS at 300 RPM, Non-Mixing Screw
	CX300-J43-B_2DStitch_CSA
	67533422
	0.675
	18.9%

	
	CX300-J26-B_2DStitch_CSA
	66456236
	0.665
	5.6%

	
	CX300-J22-B_2DStitch_CSA
	66082690
	0.661
	1.8%

	
	CX300-J16-B_2DStitch_CSA
	63472612
	0.635
	1.4%

	
	CX300-J07-B_2DStitch_CSA
	68217086
	0.682
	0.9%

	Static Mixing Nozzle, ABS to CF/ABS, Mixing Screw at 300 RPM
	SAM300-J1-B-2D Stitch CSA
	65076399
	0.651
	0.1%

	
	SAM300-J26-B-2D Stitch CSA
	56133614
	0.561
	0.6%

	
	SAM300-J33-B-2D Stitch CSA
	55003616
	0.550
	3.6%

	
	SAM300-J38-B-2D Stitch CSA
	50845451
	0.508
	9.4%

	
	SAM300-J41-B-2D Stitch CSA
	50131971
	0.501
	12.8%

	
	SAM300-J54-B-2D Stitch CSA
	49010929
	0.490
	17.4%

	
	SAM300-J68-B-2D Stitch CSA
	49098965
	0.491
	20.4%

	
	SAM300-J99-B-2D Stitch CSA
	48905921
	0.489
	19.9%



Table B -  2. A list and description of all variables with associated units.
	Variable Name or Description
	Symbol
	Units

	Volumetric flow rate
	Q
	m3/s

	Number of parallel flights
	p
	Unitless

	Channel depth
	H
	m

	Channel width
	W
	m

	Velocity down Barrel
	vbz
	m

	Pressure gradient down Barrel
	gz
	Pa/m

	Material viscosity
	η
	Pa s

	Drag Flow form factor
	Fd
	Unitless

	Pressure Flow form factor
	FP
	Unitless

	Purge Zone
	ZP
	m, m3, or VN  as specified

	Transition Zone
	ZT
	m, m3, or VN  as specified

	Steady-State Zone
	ZS
	m, m3, or VN  as specified

	Purge Zone length
	LP
	m, m3, or VN  as specified

	Steady-State Zone length
	LS
	m, m3, or VN  as specified

	Transition Zone length
	LT
	m, m3, or VN  as specified

	Zone Lengths for Material A to B transitions
	LP-A     LS-A      LT-A
	m, m3, or VN  as specified

	Zone Lengths for Material B to A transitions
	LP-B     LS-B      LT-B
	m, m3, or VN  as specified

	Crucible mass with residue of Neat specimen
	Mcr
	g

	Empty neat crucible mass
	mc
	g

	Initial dry mass of neat specimen
	mi
	g

	Initial dry mass of composite specimen
	Mi
	g

	Crucible mass with residue of composite specimen
	Mcr
	g



	Table B – 2 Continued

	
	

	Variable Name or Description
	Symbol
	Units

	Empty composite crucible mass
	Mc
	g

	Complex viscosity
	η*
	Pa s

	Storage modulus
	G’
	MPa

	Gantry Travel Distance
	d
	m

	Extruded Volume
	VE
	m3

	Travel Speed
	v
	m/s

	Normalized Volume
	VN
	Ratio of VE/VR

	Residual Volume
	VR
	m3

	Extrudate Equivalent Volume in Feed Throat
	VT
	m3

	Extrudate Equivalent Volume in Barrel
	VB
	m3

	Extrudate Equivalent Volume in Nozzle Assembly
	VA
	m3

	Density Ratio
	ρr
	Ratio of either ρb, ρc, or ρm  to ρE

	Material Bulk Density
	ρb
	g/cm3

	Material Compressed Bulk Density
	ρc
	g/cm3

	Material Melt Density
	ρm
	g/cm3

	Material Extrudate Density
	ρE
	g/cm3

	Representative Density
	ρRi
	g/cm3

	Stepwise Gradient Position
	fi
	Unitless

	Extrudate Equivalent Volume in Feed Zone
	VF
	m3

	Extrudate Equivalent Volume in Compression Zone
	VC
	m3

	Extrudate Equivalent Volume in Metering Zone
	VM
	m3

	VN=1 Boundary
	V1
	Ratio of VE/VR



	Table B – 2 Continued

	
	

	Variable Name or Description
	Symbol
	Units

	Time
	t
	s

	Extrudate Mass
	mE
	g

	Rule of Mixtures Volumetric Flow Rate
	QR
	m3/s

	Volumetric Flow Rate of Material A
	QA
	m3/s

	Volumetric Flow Rate of Material B
	QB
	m3/s

	Fraction of Material A
	FA
	Unitless

	Rule of Mixtures Residual Volume
	VRx
	m3

	Extrudate Equivalent Volume in SMN Assembly
	VA-S
	m3

	Extrudate Equivalent Volume in C-SMN Assembly
	VA-C
	m3




Table B -  3. The volumes of the constant geometries in the dual-hopper system.
	Description
	Symbol
	Value (x 10-5 m3)

	Available Volume in Screw Feed Zone
	F
	5.73 x 10-5 

	Available Volume in Screw Compression Zone
	C
	4.50 x 10-5 

	Flight-by-Flight Volume in Compression Zone
	Cj
	Table B-4

	Available Volume in Screw Metering Zone
	M
	2.96 x 10-5 

	Available Volume in Nozzle Assembly
	N
	3.36 x 10-5 

	Available Volume in Static Mixing Nozzle Assembly
	NS
	 3.65 x 10-5 

	Available Volume in Compression Nozzle Assembly
	NC
	3.77 x 10-5 




Table B -  4. The constant geometry available in the screw compression zone.
	Compression Zone Sub-Divisions
	Symbol
	Volume (x 10-6 m3)

	Flight 1
	C1
	7.9 

	Flight 2
	C2
	6.9 

	Flight 3
	C3
	6.4 

	Flight 4
	C4
	5.9 

	Flight 5
	C5
	5.4 

	Flight 6
	C6
	4.9 

	Flight 7
	C7
	4.3 

	Flight 8
	C8
	3.4 




Table B -  5. Modeling variables and descriptions.
	Variable Description
	Symbol
	Units

	Transition start on original x-axis
	XT
	VN

	Transition end on original x-axis
	XS
	VN

	Transition start on transformed x-axis
	zT
	VN

	Transition end on transformed x-axis
	zS
	VN

	Multiplicative coefficient
	A
	Unitless

	Exponential coefficient
	n
	Unitless

	Conservation of mass shift on x-axis
	Vshift
	VN





Table B -  6. Residual Volumes for each of the configurations used to print transitions.
	Configuration
	RPM
	VR (x 10-5 m3)

	ABS to CFABS using:
Standard screw and standard nozzle
Mixing screw and standard nozzle
	100
	17.58

	
	150
	17.66

	
	200
	17.74

	
	250
	17.68

	
	300
	17.62

	
	350
	17.65

	CFABS to ABS using:
Standard screw and standard nozzle
Mixing screw and standard nozzle
	100
	16.21

	
	150
	16.37

	
	200
	16.53

	
	250
	16.60

	
	300
	16.67

	
	350
	16.64

	ABS to CFABS using:
Mixing screw and mixing nozzle
	100
	17.89

	
	200
	17.89

	
	300
	17.89

	CFABS to ABS using:
Mixing screw and mixing nozzle
	100
	16.69

	
	200
	16.69

	
	300
	16.69

	TPU to CFABS using:
Mixing screw and standard nozzle
	100
	15.87

	
	200
	15.87

	
	300
	15.87

	CFABS to TPU using:
Mixing screw and standard nozzle
	100
	16.21

	
	200
	16.23

	
	300
	16.69

	ABS-CFABS “U”, standard nozzle
	300
	17.60

	ABS-CFABS “U”, mixing nozzle
	300
	17.89

	ABS-CFABS “U”, compression nozzle
	300
	18.01




Table B -  7. Measured volumetric flow rates and densities for each configuration.
	Description
	Nozzle Design
	Density,
ρE (g/cm3)
	Measured Volumetric Flow Rates, Q (x 10-6 m3/s)

	ABS at 100 RPM
	Standard
	1.0538
	2.9

	ABS at 150 RPM
	
	1.0492
	4.3

	ABS at 200 RPM
	
	1.0446
	5.4

	ABS at 250 RPM
	
	1.0482
	6.4

	ABS at 300 RPM
	
	1.0518
	7.7

	ABS at 350 RPM
	
	1.0500
	8.7

	CFABS at 100 RPM
	
	1.1245
	3.2

	CFABS at 150 RPM
	
	1.1134
	4.6

	CFABS at 200 RPM
	
	1.1024
	5.9

	CFABS at 250 RPM
	
	1.0979
	6.8

	CFABS at 300 RPM
	
	1.0934
	8.1

	CFABS at 350 RPM
	
	1.0956
	9.2

	ABS at 100 RPM
	Mixing
	1.0356
	2.9

	ABS at 200 RPM
	
	1.0356
	5.1

	ABS at 300 RPM
	
	1.0356
	6.6

	CFABS at 100 RPM
	
	1.0918
	2.8

	CFABS at 200 RPM
	
	1.0918
	4.9

	CFABS at 300 RPM
	
	1.0918
	6.5

	TPU at 100 RPM
	Standard
	1.1844
	3.5

	TPU at 200 RPM
	
	1.1860
	7.8

	TPU at 300 RPM
	
	1.1829
	10.1




Table B -  8. Travel speeds of all printed material transitions.
	Configuration
	Print Path or Schematic
	RPM
	Travel Speed, v (m/s)

	ABS-CFABS using:
Standard screw and standard nozzle
Mixing screw and standard nozzle
	
	100
	0.036

	
	
	150
	0.054

	
	Figure 5-1
	200
	0.073

	
	
	250
	0.091

	
	
	300
	0.109

	
	
	350
	0.127

	TPU-CFABS using:
Mixing screw and standard nozzle
	Figure A-5
	100
	0.036

	
	
	200
	0.072

	
	
	300
	0.109

	ABS-CFABS using:
Mixing screw and mixing nozzle
	Figure A-4
	100
	0.038

	
	
	200
	0.076

	
	
	300
	0.114

	ABS-CFABS “U”, standard nozzle
	Figure 6-2
	300
	0.099

	ABS-CFABS “U”, mixing nozzle
	Figure 6-2
	300
	0.099

	ABS-CFABS “U”, compression nozzle
	Figure 6-3
	300
	0.183






Table B -  9. Residual volume calculated for a shifted melt zone as a result of changing screw speeds.
	
	Sub-Divisions
	Available Volume (in3)
	Melt Fraction
	Volume (in3)
	Melt Fraction
	Volume (in3)
	Melt Fraction
	Volume (in3)
	Melt Fraction
	Volume (in3)
	Melt Fraction
	Volume (in3)

	Constants
	-
	8.314
	-
	6.16
	0
	6.16
	0
	6.16
	0
	6.16
	0
	6.16

	Barrel (Feed Zone)
	03.6 D
	1.657
	0
	1.03
	0
	1.31
	0
	1.60
	0
	1.89
	0
	2.17

	
	3.64.6D
	0.460
	1/9
	0.30
	0
	
	0
	
	0
	
	0
	

	
	4.65.6 D
	0.460
	2/9
	0.31
	1/9
	0.30
	0
	
	0
	
	0
	

	
	5.66.6 D
	0.460
	3/9
	0.32
	2/9
	0.31
	1/9
	0.30
	0
	
	0
	

	
	6.67.6 D
	0.460
	4/9
	0.34
	3/9
	0.32
	2/9
	0.31
	1/9
	0.30
	0
	

	Barrel (Compression)
	7.68.6 D
	0.485
	5/9
	0.37
	4/9
	0.35
	3/9
	0.34
	2/9
	0.33
	1/9
	0.233

	
	8.69.6 D
	0.422
	6/9
	0.33
	5/9
	0.32
	4/9
	0.31
	3/9
	0.30
	2/9
	0.29

	
	9.610.6 D
	0.39
	7/9
	0.32
	6/9
	0.31
	5/9
	0.30
	4/9
	0.29
	3/9
	0.27

	
	10.611.6 D
	0.36
	8/9
	0.30
	7/9
	0.29
	6/9
	0.28
	5/9
	0.27
	4/9
	0.26

	
	11.612.6 D
	0.329
	1
	0.29
	8/9
	0.28
	7/9
	0.7
	6/9
	0.26
	5/9
	0.25

	
	12.613.6 D
	0.296
	1
	0.26
	1
	0.26
	8/9
	0.25
	7/9
	0.24
	6/9
	0.23

	
	13.614.6 D
	0.261
	1
	0.23
	1
	0.23
	1
	0.23
	8/9
	0.22
	7/9
	0.21

	
	14.615.6 D
	0.207
	1
	0.18
	1
	0.18
	1
	0.18
	1
	0.18
	8/9
	0.17

	Total (VR)
	-
	14.56
	-
	10.73
	-
	10.62
	-
	10.52
	-
	10.42
	-
	10.25

	% Decrease
	-
	-
	-
	-
	-
	0.99 %
	-
	1.93 %
	-
	2.83 %
	-
	4.41 %



iv


Appendix C: Optical Images of Material Transition Cross-Sections
[image: ]
Figure C -  1. Optical images of cross-sections from the ABS to CFABS transition printed using the mixing screw and standard nozzle with carbon fiber contents of A) 0 wt %, B) 1.6 wt %, C) 3.5 wt %, D) 12.3 wt %, and E) 19.9 wt %.


[image: ]
Figure C -  2. Optical images of cross-sections from the ABS to CFABS transition printed with standard screw and nozzle with carbon fiber contents of A) 0.7 wt %, B) 2.1 wt %, C) 9.1 wt %, D) 12.4 wt %, and E) 20.2 wt %.



[image: ]
Figure C -  3. Optical images of cross-sections from the CFABS to ABS transition printed with standard screw and nozzle with carbon fiber contents of A) 19.1 wt %, B) 5.5 wt %, C) 1.9 wt %, D) 0.9 wt %, and E) 0.1 wt %.



[image: ]
Figure C -  4. Optical images of cross-sections from the ABS to CFABS transition printed using the mixing screw and mixing nozzle with carbon fiber contents of A) 0.1 wt %, B) 0.6 wt %, C) 3.6 wt %, D) 9.4 wt %, E) 12.8 wt %, F) 17.4 wt %, G) 20.4 wt %, and H) 19.9 wt %.
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