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ABSTRACT 

The need to produce complex geometries incompatible with traditional manufacturing techniques 
has fueled rapid growth in Large-Format Additive Manufacturing (LFAM). Printing of polymer 
composite materials have generated significant interest, but the production of Multi-Material 
(MM) structures with location-based material properties continues to be a challenge. Extrusion-
based techniques have utilized multiple deposition heads to successfully print MM structures with 
both stiff and flexible regions, but these techniques often result in discrete material boundaries that 
concentrate stress and act as failure points. To avoid discrete interfaces, a novel dual-hopper 
configuration was developed for the Big Area Additive Manufacturing (BAAM) system that 
creates a blended material region within the structure. The ability to blend and freely switch 
between stiff polymer composites and flexible polymers enables printing of robust MM structures 
with site-specific properties. This study characterizes the influence of viscosity on a blended 
material transition between carbon fiber-filled acrylonitrile butadiene styrene (CF-ABS) and 
unfilled thermoplastic polyurethane (TPU), which have significantly different viscoelastic 
behaviors  
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1. INTRODUCTION 
Additive Manufacturing (AM) offers significant advantages over traditional subtractive 
manufacturing techniques for producing complex or intricate designs [1, 2]. Substantial interest 
and investment in the technology has led to rapid growth of the field [3], spawning systems 



compatible with metals [4, 5], ceramics [6, 7], polymers [8-10] and a variety of composites [11, 
12]. These diverse systems capitalize on the flexibility of AM to specialize in specific material and 
production requirements, even within a given field or type of AM. Polymer-based AM, particularly 
those systems using Extrusion-Deposition Additive Manufacturing (EDAM) techniques, has 
continued to feature in prototyping and modelling applications in industry but has also become an 
accessible option for hobbyist activities [13]. However, the production of end-product parts has 
remained challenging. 

1.1 Multiple Materials 
Fused Filament Fabrication (FFF) and other EDAM systems were originally designed to utilize a 
singular material feedstock, limiting their usage in applications requiring multiple materials (MM) 
throughout the structure. Naturally, many Multi-Material Additive Manufacturing (MMAM) 
systems, defined as those that do not rely on pre-mixing, pre-compositing, or post-processing 
techniques to introduce the additional materials [14], have been developed within the last decade 
to address the need for MM parts. There are many successful examples of MMAM, but the 
difficulties of bonding layers of different materials have exacerbated the already-present issue of 
delamination failure in AM parts [15]. Despite several methods for improving bonding in MMAM 
[16-18], the most common failure modes were consistently delamination at discrete material 
interfaces, whether between layers or within the same layer. To encourage bonding of dissimilar 
materials, more recent studies have implemented Functionally Graded Materials (FGM) that 
distribute the change in materials across multiple discrete regions (stepwise) or a blended region 
(continuous) instead of a single, sharp switch. Generally, FGM can be classified as either stepwise 
or continuous but must provide a change in composition, density, or structure in one or more spatial 
directions [19, 20]. 

1.1.1 Stepwise FGM 
A stepwise FGM utilizes multiple discrete boundaries to create intermediate regions, i.e. steps, and 
provide a piecewise change in properties in the desired direction(s) [19]. Figure 1A provides a 
graphical example of a 2-D stepwise FGM. Owing to the success of FGM in improving structural 
properties, their implementation has been a popular subject in across AM disciplines [21, 22], and 
numerous EDAM studies have investigated the potential applications of the stepwise approach. 
One such study demonstrated an improved impact resistance in a stepwise FGM compared to 
single-material variants using both stiff and flexible materials [23]. Another found an increased 
delamination resistance at the material boundary by staggering the material boundaries, preventing 
a single weak-point within the structure [24]. Despite the improvements in performance, these 
studies and reviews still routinely identify failure-prone material boundaries as the primary 
challenge [22, 25, 26]. 

1.1.2 Continuous FGM 
The second general classification, continuous FGM are characterized by a non-discrete change in 
composition, density, or structure throughout the FGM and the absence of discrete material 
boundaries [19]. Although more difficult to manufacture, the lack of failure-prone discrete 
boundaries (as illustrated in Figure 1B) provides a significant structural advantage over stepwise 
FGM. Despite this advantage, MMAM systems capable of printing continuous FGM were 
uncommon and the result of custom modifications to existing systems rather than commercially 



available products. One FFF study was able to find success in developing a unique design that fed 
two filaments into a single nozzle chamber. The custom FFF instrument was able to first print 
immiscible thermoplastics as a blended bead through mechanical interlocking [27], which led to a 
continuous FGM structure created using in-situ blending of the two filaments [28]. Another set of 
studies also utilized in-situ material blending to incorporate continuous FGM. A step-change in 
material feedstock was converted into a blended material transition using screw-based EDAM to 
mix the material boundary during extrusion [8, 29]. 

 

Figure 1. Graphical example of a stepwise FGM (A) compared to a continuous FGM (B). 

1.2 Large-Format Additive Manufacturing 

Another barrier to wide-spread industry adoption of AM has been the speed and scale of 
production, but within the last few years, multiple Large-Format Additive Manufacturing (LFAM) 
solutions have been developed. One of the first was the Big Area Additive Manufacturing (BAAM) 
system, which utilized single screw-based extrusion to print neat and composite polymer 
thermoplastics and demonstrated significantly faster print speeds and production times [30, 31]. 
Similar systems have followed in both the commercial space [9] and custom research-oriented 
equipment [10, 32]. These advances in scale have not been limited to thermoplastic EDAM 
techniques and have also been successful in thermoset [33] and metal LFAM [4], among others.  
However, most work with these systems has, again, been limited to single-material production. A 
notable exception is the BAAM dual-hopper configuration developed to print MM using an LFAM 
system both within a single layer or across multiple layers [8]. This novel design initiates a step-
change in pelletized feedstock from Material A to B then utilizes the in-situ extrusion process to 
create a blended material transition similar to continuous FGM. 

1.3 BAAM Material Transitions 
In-situ material switching using the BAAM dual-hopper results in a blended region of continuously 
changing composition, like that of a continuous FGM, termed the material transition zone. 
Characterization studies have shown that these transitions were highly repeatable at a given set of 
processing conditions [29, 34] as well as the potential for control over transition behavior through 
processing parameters [35], suggesting a process that can be tuned for specific design 
considerations. Further investigations have also shown that mechanical performance throughout 
the transition region was dependent primarily on composition, illustrating the benefit of avoiding 
discrete material boundaries [36]. To identify the most influential processing parameters when 
printing with the dual-hopper, a comprehensive study using a neat acrylonitrile butadiene styrene 



(ABS) and a carbon fiber-filled ABS focused on screw speed, screw geometry, and the effects of 
switching “to” versus “from” a material (transition direction). The study found that the transition 
direction had the most significant impact on transition behavior due to a difference in material 
properties [37]. Considering that the polymer matrix for both materials was ABS, significant 
differences in material properties were limited. Further, the responsible property must impact flow 
behavior during extrusion to cause a change in mixing during the transition, which suggests 
viscoelastic behavior was likely responsible. With literature showing that carbon fiber-filled ABS 
had significantly higher complex viscosity than the neat resin [38], the change in transition 
behavior was attributed to that difference in complex viscosities and its effect on flow and mixing 
during extrusion. This study seeks to further investigate the effect of changing transition direction 
by increasing the difference in complex viscosities of the two chosen thermoplastics. Since 
thermoplastic polyurethane (TPU) is typically processed at much lower shear rates and 
temperatures, material transitions between TPU and a carbon fiber filled ABS were chosen for the 
investigation. The resulting mismatch in complex viscosities is expected to highlight the 
importance of transition direction and provide further tools for controlling material transitions 
printed using the BAAM dual-hopper. 

2. EXPERIMENTAL METHODS 
The influence of transition direction was investigated by comparing material composition curves 
printed at various conditions and viscoelastic behavior. Material transitions were printed using the 
BAAM’s dual-hopper configuration [8]. The impact of transition direction and screw rotational 
speed on the transition behavior was studied by comparing the change in material composition as 
a function of extruded volume. The relative fractions of TPU and CF-ABS at specified locations 
throughout each printed transition were determined using Ultrasonic Assisted Digestion (UAD).  

2.1 Sample Preparation 
Using the BAAM dual-hopper, single-layer material transitions were printed with a neat TPU 
(RESMART Ultra TPU 70A) and a 20 wt % carbon fiber reinforced ABS (Techmer ES Electrafil 
ABS 1501 3DP) (CF-ABS) pelletized feedstocks. Pellets were dried for at least 4 hours at 80 °C 
prior to printing. Bead width, bead height, and nozzle diameter were kept constant for each print 
at 1.4 cm (0.55 in), 0.51 cm (0.2 in), and 1.02 cm (0.4 in), respectively. The heated print bed (100 
°C) and melt (250 °C) temperatures were maintained throughout printing to match standard CF-
ABS processing conditions [29]. A custom “mixing” extrusion screw geometry with additional 
grooves on the shaft in the metering section was used to encourage blending of material boundaries 
during extrusion. With these print parameters held constant, single-layer material transitions were 
printed at screw rotational speeds of 100, 200, and 300 RPM. Since each print produced a transition 
in both the TPU to CF-ABS (TC) and CF-ABS to TPU (CT) transition directions (see Figure 
2), the three screw speeds and two transition directions resulted in six experimental sets. The 
beginning of a material transition, i.e. where the dual-hopper switches feedstock, is indicated in 
Figure 2 by green dots at locations A and C. Similarly, red dots indicate where the BAAM pauses 
extrusion to move into position for the next transition (B) or concludes the print (D). Printed 
transitions were labelled and sectioned using a bandsaw for storage. Samples were 1.0 cm long in 
the print direction and extracted using an Isomet 1000 precision saw and dried for at least 4 hours 
at 80 °C in preparation for compositional analysis. Pelletized feedstock served as control samples. 



 

Figure 2. Schematic representation of the path used to print material transition samples. 

2.2 Complex Viscosity Measurements 
To better understand the compatibility of the flow behaviors when transitioning between CF-ABS 
and TPU, parallel plate rheology was used to observe the complex viscosity of both materials and 
quantify the difference in viscoelastic behavior. The complex viscosities, η*, of both materials and 
a neat ABS (Techmer ES HIFILL ABS 1512 3DP) for reference were measured using a TA 
Instruments Discovery Hybrid Rheometer-2 (DHR2) and 25 mm parallel plate geometry. The 
complex viscosity was measured using an oscillatory frequency sweep from 628 rad/s to 0.1 rad/s 
with an applied strain of 0.1 %  [38, 39]. The frequency sweeps were performed at 250 °C for each 
material to simulate the typical CF-ABS print conditions that all samples were printed under. 

2.3 Compositional Analysis 
The fractional amount of each material was determined by measuring the wt % carbon fiber (wt % 
CF) in the sample, which was obtained using Ultrasonic Assisted Digestion (UAD). Based on 
ASTM D3171 [40], UAD was developed as an alternative to thermal degradation processes 
typically used in constituent content analysis of thermoplastic composites. Previous studies have 
demonstrated the reliability of UAD when using acetone as the solvent [29, 35], but the chemical 
resistance of TPU inhibited dissolution by acetone. Therefore, Dimethyl Sulfoxide (DMSO) was 
chosen as a replacement solvent due to the documented vulnerability of TPU [41]. In accordance 
with the developed UAD procedure, each sample was submerged in 50 mL of DMSO within a 
sealed test tube and placed in a CPX3800 Ultrasonic Bath. The bath was then heated to 50 °C, and 
samples were sonicated for at least 10 hours to ensure total dissolution. Using a vacuum filtration 
system, fully dissolved solutions were filtered through Whatman Grade GF/A glass microfiber 
filters (47 mm diameter with 1.6 μm pores). The filters were retrieved with minimal disturbance, 
taking care to preserve the integrity of the captured residue. After dying at 80 °C for at least 4 
hours, the combined mass was measured with 0.1 mg resolution using a RADWAG AS 220.R2 
Analytical balance. Since carbon fibers were inert in DMSO, the dried sample mass was subtracted 
from the combined dry mass of solution residue (fibers) and filter to find the dry mass of the fibers 
alone. The resulting wt % CF was considered representative of material composition and used to 



find material percentages by it to 20 wt % CF, as outlined in studies establishing the effectiveness 
of UAD [29, 35]. These material percentages thus indicated the progression of the material 
transition. 

2.4 Transition Curve Construction 

Samples were taken from the material transitions and identified by the travel distance from the 
hopper switch, d, but the travel distance alone was not an accurate method for comparing the 
transition behavior. A change in print parameters will change bead shape and, in turn, affect how 
much material has been extruded at a given d, so a volumetric approach was necessary to 
accurately represent sample locations. Inconsistent cross-sectional areas, especially in the blended 
material region, inhibited direct volume measurements, so an indirect approach using volumetric 
flow rate was used instead. BAAM-specific volumetric flow rates were obtained for both materials 
at 100, 200, and 300 RPM under the same conditions used when printing samples. Material was 
first extruded until achieving a steady flow before then pausing extrusion momentarily, translating 
the print head to the sample site, and resuming extrusion for 30 s. The resulting sample was 
collected, dried at 80 °C for at least 4 hours, and weighed to obtain material mass, m. Using 
Equation 1, Q was calculated for each material and rpm combination by multiplying by ρ and 
dividing by the 30 s extrusion time, t.  

ܳ =
ߩ݉
ݐ  [1] 

These flow rates and the measured fractions of TPU (FTPU) and CF-ABS (FCF) obtained using 
UAD were then used to determine a combined flow rate (QR) based on the material composition 
at that location, as shown in Equation 2.  

ܳோ = ஼ிܳ஼ிܨ + (1 −  ஼ி)்ܳ௉௎ [2]ܨ

After calculating the correct flow rate for a given point with Equation 2, the travel distance, d, was 
converted into volume. The cumulative volume extruded up to the given point, VE, was found using 
Equation 3 where QR was multiplied by d and divided by gantry travel speed, s. 

ாܸ =
ܳோ݀

ݏ  [3] 

Although Equation 3 enabled accurate comparisons of material transitions, it lacked a physical 
connection to the instrument. Since the functionality of the BAAM dual-hopper ensures that a 
constant amount of the original material, Material A, will be present in the system when switching 
to the new feedstock, Material B, there is a limited volume of Material A that can be present in the 
transition. To maintain conservation of mass, the residual volume of Material A present in the 
system after switching materials, VR, represents that finite amount of Material A that can be present 
in the material transition. While VR first depended on the internal geometry of the extrusion system, 
the changing material states from pellets to melt to solid extrudate also affected how the material 
filled the available space. Therefore, the ratios of bulk (ρb) and melt (ρm) densities to ρ of Material 
A were used to determine the volume of Material A occupying the space in the extrusion system. 
Densities of printed samples were measured using a Quantachrome Helium Pycnometer set to 
repeat measurements until a standard deviation of less than 0.0005 g/cm3 was achieved. Bulk 



densities,  of the pelletized feedstocks were measured using a custom apparatus constructed to 
match specifications in ASTM D1895 [42]. Specimens were measured five times and averaged. 
Material melt density was measured in accordance with ASTM D3835 using a Dynisco Laboratory 
Capillary Rheometer 7001 [43]. Related work presents detailed calculations of VR using this 
method and proprietary design drawings [37]. The final step, shown in Equation 4, was 
normalizing the VE by VR and find the normalized volume, VN. 

ேܸ = ாܸ

ோܸ
 [4] 

Plotting the transitions in terms of VN provided an important visual and analytical tool: in an “ideal” 
scenario where the material boundary is maintained throughout extrusion, the change from 
Material A to B would always occur at VN = 1, or when VE = VR. As part of the conservation of 
mass, the area under this curve must be preserved, even in the blended material transitions, because 
it represents the finite volume of Material A. Any increase or decrease in this area suggests gaining 
or losing mass, which would not be possible in this closed system. Thus, an intrinsic property of 
the transition curves is VN = 1 acts as a boundary condition and tool for analyzing the blended 
region. Any deviation in curve shape when VN < 1 must be mirrored by a cumulatively equal 
change when VN > 1 to maintain the conservation of mass arising from VR. 

Since only one of the two materials were fiber reinforced, wt % CF was used to represent the 
change in material composition and plotted against normalized volume. Thresholds of less than 1 
wt % CF and greater than 19 wt % CF were considered single-material TPU and CF-ABS, 
respectively. Figure 3 shows the three distinct zones observed in all transition curves, where LP 
indicates the end of the purge zone and LS indicates the start of the steady state zone. The length 
of the transition zone is then equal to the difference between the two, as shown in Equation 5. 
While both the purge and steady-state zones are single-material regions, the transition zone is 
characterized by a continually changing material composition, in this case carbon fiber content. 

்ܮ = ௌܮ −  ௉ [5]ܮ

 

Figure 3. An example transition curve showing the three material transition zones. 



3. RESULTS 
3.1 Density 
Three different densities corresponding to material form were measured for CF-ABS and TPU, 
and the average values are reported in Table 1. The first, ρ, was the density of the material after 
deposition onto the print bed whereas ρb and ρm were the densities of the pelletized feedstock 
contained in the hopper and the density of the full polymer melt obtained during extrusion. TPU 
had a higher printed density, which agreed with manufacturer specifications. As a result of the 
poor packing of the irregularly shaped TPU and cylindrical CF-ABS pellets, the bulk densities 
were both significantly lower than the material densities. The densities of the polymer melts, 
however, were nearly identical. The greater decrease in density of TPU relative to CF-ABS was 
likely due to processing temperatures exceeding those typically used for TPU, which led to an 
increased susceptibility to shear thinning [44]. As discussed in [37], the ratios of bulk and melt 
densities to the printed densities were used to find a material-specific VR for TPU and CF-ABS by 
relating the material inside to the printed material that could be measured.  

Table 1. The average measured densities and standard deviations for both materials. 

Material ρ (g/cm3) ρb (g/cm3) ρm (g/cm3) 
CF-ABS 1.099 (0.0004) 0.633 (0.001) 0.894 (0.016) 

TPU 1.178 (0.0003) 0.715 (0.005) 0.896 (0.003) 

3.2 Viscosity and Flow Rate 
The viscoelastic response of TPU, CF-ABS, and a neat ABS were all assessed using parallel plate 
rheology to investigate shear-thinning behavior and viscosity at the state processing conditions. 
Figure 4 shows the measured complex viscosities as a function of angular frequency across the 
studied range. As expected, when comparing a fiber-reinforced thermoplastic to similar neat resins, 
CF-ABS was significantly more viscous than both the neat ABS and TPU at all frequencies due to 
fiber-fiber interactions [45]. As in previous work showing that ABS and CF-ABS were always 
shear-thinning [38, 46], Figure 4 illustrates the shear-thinning behavior of CF-ABS and ABS 
specimens. Since shear rates seen in BAAM processing were reportedly near 100 s-1 [39, 47], the 
complex viscosities measured at an angular frequency of 628 rad/s were chosen for comparison to 
TPU. Likely due to the increased temperatures compared to typical processing conditions [44], the 
complex viscosity of TPU was over an order of magnitude lower than neat ABS at 628 rad/s, 
indicating that TPU would also have a significantly lower complex viscosity when printing these 
material transitions. While this figure indicates that TPU exhibited mildly shear thinning and 
shear-thickening behavior, repeated test observations conclude that the high testing temperature 
(relative to typical TPU conditions) caused significant discoloration and material ooze at higher 
shear rates. The resulting loss of material between the parallel plates and likely material 
degradation suggest that the measured complex viscosity at higher shear rates was artificially 
inflated. As such, the significant decrease in complex viscosity from ABS to TPU satisfies the 
criterion required to emphasizing the effect of viscosity on transition. 



 

Figure 4. Complex viscosity of CF-ABS, ABS, and TPU as a function of angular frequency. 

After confirming a significant difference in complex viscosities, the volumetric flow rates for CF-
ABS and TPU were measured and reported in Table 2. As expected, the less viscous TPU exhibited 
higher volumetric flow rates at each screw speed, but this effect was not constant. Instead, TPU 
appeared to be more shear-sensitive than CF-ABS at the prescribed processing conditions, leading 
to significantly higher volumetric flow rates at 200 and 300 RPM. 

Table 2. Measured volumetric flow rates at each RPM for both CF-ABS and TPU. 

Material Q100 (cm3/s) Q200 (cm3/s) Q300 (cm3/s) 
CF-ABS 3.06 5.61 7.46 

TPU 3.49 7.73 10.04 

3.3 Transition Curve Behavior 
Transition curves were created by plotting wt % carbon fiber (wt % CF) as a function of normalized 
volume. Figure 5 shows the CT curves for the three examined screw speeds. Each curve exhibits 
an immediate change in composition at LP, as expected, followed by a decaying rate of change as 
the transition approaches steady-state TPU. While the TC transitions in Figure 6 also exhibit 
similar behavior at LP, the rate of change was slower for TC than CT. To quantify this 
difference, the absolute value of the slope at LP for both 100 RPM curves yielded 0.87 for CT 
but only 0.53 for TC. In addition to the “sharper” change in composition, the CT curves also 
have a consistently longer purge zone length. Based on the zone lengths reported in Table 3, the 
decrease in purge zone length was, on average, 8 % and consistent across screw speeds. These 
results suggest that there was increased mixing when switching in the TC direction compared to 
CT. Considering that material mixing occurs in the compression and metering zones of the 
single-screw extruder (SSE), there are two primary competing forces that drive mixing: pressure 
driven flow and drag flow [48]. This identifies that pressure flow has a significant influence on 
material mixing while also being dependent on material viscosity. Given the significantly higher 
viscosity of CF-ABS compared to TPU, it follows that the CF-ABS melt is less influenced by the 



competing pressure flow responsible for creating circulation within the melt, which would lead to 
a reduced mixing of the material boundary. Similarly, the less-viscous TPU is more susceptible to 
the pressure flow driving it back up the screw, allowing for a relative increase in blending of the 
material boundary. This interpretation provides an explanation for the influence of transition 
direction by connecting material viscosity and SSE flow behavior to the dual-hopper material 
switch. 

 

Figure 5. The transition curves for the CT direction at each studied RPM. 

 

Figure 6. The transition curves in the TC direction at each studied RPM. 

Looking at LS and using Equation 5 to find the transition zone lengths reported in Table 3 confirms 
that the studied material transitions do not have a consistent LT. However, the lengths were 
consistently longer for TC than CT due to the increased mixing, which satisfies the 



conservation of mass condition requiring one VR of Material A be extruded during the transition. 
Additional consideration shows there were no apparent trends associated with screw speed for any 
zone length or slope at LP. Thus, transition direction through material viscosity interactions 
demonstrated the greatest influence on transition behavior. 

Table 3. Transition lengths of the printed specimens. 

Direction Screw Speed (RPM) Purge Zone (VN) Transition Zone (VN) 
CF-ABS to TPU 

 

100 0.81 0.85 
200 0.80 1.07 
300 0.78 0.77 

TPU to CF-ABS 

 

100 0.73 1.06 
200 0.74 1.17 
300 0.74 1.07 

4. CONCLUSIONS 
Multiple material transitions were printed utilizing the novel BAAM dual-hopper configuration. 
Three different forms of a 20 wt % CF-ABS and a neat TPU were measured to estimate the average 
material density at various points in the BAAM and calculate a residual volume. The complex 
viscosities of CF-ABS, ABS, and TPU were measured and reported over a range of angular 
frequencies. While CF-ABS and ABS were shown to be shear-thinning at the print conditions and 
agreed with literature, TPU exhibited slight shear-thickening at the shear-profile experienced in 
the BAAM. Although this was likely due to TPU overflowing the parallel plate geometry, future 
work will include improved testing and analysis of TPU. The volumetric flow rates of CF-ABS 
and TPU were measured to use when constructing transition curves. Results suggested TPU was 
more shear-sensitive than CF-ABS at these processing conditions. Overall, the significant 
differences in viscoelastic behavior between TPU and CF-ABS justified the material choices for a 
transition direction study that suspected viscosity was the primary influence on transition behavior. 

Material transition curves were constructed using a unique normalized volume approach that 
included material properties, such as density, in calculations to better isolate processing variables 
and conditions from convoluting factors. This technique demonstrated that screw speed had a 
negligible impact on transition behavior. Purge zones were shown to have consistent lengths within 
a given transition direction where TC exhibited a shorter average length than CT due to 
increased blending of the material boundary during extrusion. Similarly, TC had a longer 
average transition zone length than CT, which agreed with established constraints stating that a 
reduced amount of Material A prior to VN = 1 must be matched by an equal increase in Material A 
after VN >1. By connecting the transition direction, material viscosity, and generalized flow in SSE 
that is responsible for mixing, this study suggests that material viscosity is the primary factor 
causing transition direction to have such a noticeable impact. This connection and previous 
experimental results suggest that material transitions may be tunable by altering the viscosity of 
the constituent materials. Future work will focus on improving curve resolution with additional 
measurements to aid development of a predictive model for material transition.  
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