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Abstract 

 This dissertation begins with an overview of novel polymer systems which have been 

developed by the Polymer Extrusion Lab at the University of Texas at El Paso.  Many composite 

polymer systems have been created using many different polymers as well as ceramics and metals 

primarily in the form of powders added to the bulk polymer.  The bulk of this work entails a study 

that was conducted to develop and characterize the mechanical, shape memory and self-healing 

properties of three polymer blends: polylactic acid (PLA) combined with maleated styrene-

ethylene-butylene-styrene (SEBS-g-MA), acrylonitrile butadiene styrene (ABS) combined with 

maleated styrene-ethylene-butylene-styrene (SEBS-g-MA), and polylactic acid (PLA) combined 

with thermoplastic polyurethane (TPU).  These blends were melt compounded at a 50% by weight 

ratio in a twin-screw extruder into filament for use in desktop FFF style 3D printers.  Additively 

manufactured test samples were made using the extruded filament and injection molded samples 

were made after pelletizing the filament.   The three polymer blends were evaluated in both 3D 

printed and injection molded forms to determine their mechanical and shape memory properties.  

To evaluate the shape memory properties, samples were tested for tensile strength in their as-

fabricated forms and compared to their tensile strength after being subjected to 25%, 50%, and 

100% elongation of their gauge length.  This was done for samples in both additively manufactured 

and injection molded forms both with and without being allowed to dwell under load at the 

prescribed amount of elongation.  The averages of the tensile strength for each polymer blend in 

both manufacturing forms were plotted against the amount of deformation from which they were 

recovered.  A line of best fit was generated for each and the slope of the equation was divided by 

the y-intercept to generate a value we are calling the “self-healing parameter” that indicates the 

percent of baseline tensile strength which is lost after being recovered from 100% elongation.  
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Chapter 1: Novel Polymer Material Systems to Expand the Abilities of FDM™-type 

Additive Manufacturing 

Chapter 1 of this dissertation was published in MRS Communications’ April 2021 

special issue on Polymers for Additive Manufacturing Perspective [1]  and is reproduced with 

permission from Springer Nature.  Written permission has also been granted and the license for 

use of the article “Novel polymer materials systems to expand the capabilities of FDM™-type 

additive manufacturing” is shown in the appendix.  

 

The work presented here describes the efforts conducted in the past decade by the Polymer 

Extrusion Lab at The University of Texas at El Paso in the area of novel materials development 

for fused deposition modeling (FDM™)-type additive manufacturing platforms. Here, we discuss 

efforts in the development of application-specific material systems as well as the development of 

material systems whose physical properties can be enhanced by FDM™-Type processing. 

Additional efforts in the area of hybrid composite materials, sustainable materials and shape 

memory polymers are discussed. Aspects related to materials characterization are also highlighted. 

Introduction  

Widespread adoption of additive manufacturing (AM) technologies over the past two 

decades has significantly changed the way wide varieties of objects are made. However, the 

transition from a budding manufacturing technology to terminology used in the common 

vernacular (usually referred to as 3D printing) has not corresponded to widespread development 

and proliferation of new materials. Take, for example, the additive manufacturing platform of 

fused deposition modeling, (FDM™) also referred to as fused filament fabrication (FFF) when 

non-trademarked versions of the technology are used. The ubiquity of FFF machines, which found 

proliferation aided by open-source movements such as RepRap [2–3] and the expiration of patents 
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on FDM™ technology in 2009 [4], means versions of this AM platform can be found in many K-

12 institutions, universities, industrial settings, and the garage laboratories of hobbyists and do-it-

yourselfers. However, the most common feedstock material has been and continues to be 

acrylonitrile butadiene styrene (ABS) [5]. There is a materials palette of commercially available 

thermoplastic filaments, such as various polylactic acid (PLA) matrix composites filled with wood, 

coffee as well as copper, bronze and other metals (allowing for a lustrous metallic finish after a 

polishing post-processing step) offered by companies such as Proto-pasta (ProtoPlant, Vancouver, 

WA, USA). In this same vein, The Virtual Foundry (Stoughton, WI, USA) offers extremely highly-

loaded PLA filaments that enable the printing of green bodies which can then be sintered to form 

metallic objects. This in turn enables metal additive manufacturing to be performed on the 

relatively inexpensive FFF platform as compared to powder-bed fusion platforms such as electron 

beam melting (EBM) or selective laser sintering (SLS). There are also several commercially 

available variations of carbon fiber filled thermoplastics such as Nylon and ABS. Stratasys 

(Rehovot, Israel) also offers an electrostatic discharge (ESD) ABS filament, and other 

manufacturers have also made ESD materials from polycarbonate (PC) and glycol-modified 

polyethylene terephthalate (PETG). Thermoplastic urethanes (TPU) that are physically flexible as 

well as high strength, high glass transition temperature (Tg) filaments such as polyether ether 

ketone (PEEK) are also commercially available. 

Though there has been a fair amount of materials developed for FFF processes by industry, 

these materials are mainly composites where the matrix material is a common thermoplastic such 

as ABS or Nylon.  Academia has been the primary creator of new material systems for FDM™-

type additive manufacturing platforms. Several instances of the development of application-

specific material systems exist in literature where the strategy of creating polymer matrix 
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composite systems is the main tactic used with filler materials driving the resulting physical 

properties. For example, Masood and Song [6–7] developed nylon/iron composites for injection 

molding where the addition of iron particles enhanced the heat dissipation ability as compared to 

unfilled nylon. Khatri et al. demonstrated the development of a composite composed of ABS 

loaded with barium titanate  (BaTiO3) with the intent of creating materials for dielectric 

applications where the permittivity of the composite is driven by the filler content [8]. A material 

system intended for energy storage applications was demonstrated by Kim et al. [9] where a  

polyvinylidene difluoride (PVDF) matrix was loaded with a combination of multi-walled carbon 

nanotubes (MWCNT) and BaTiO3. A work by Tambralimath et al. showed that the thermal 

stability of polycarbonate-ABS (PC-ABS) FDM™ feedstock material increased with the addition 

of graphene [10].  

Beyond somewhat exotic applications such as dielectric and energy storage, there are also 

several examples of creating FFF-compatible composite material systems for the classical example 

of maintaining mechanical strength. In these instances, ABS has been combined with filler 

materials such as carbon fibers [11] and MWCNTs [12]. The development of high strength 

composites has been mirrored in industry, as there are commercial ABS, PLA, and Nylon filaments 

loaded with carbon fibers available through Amazon.com. 

The work presented here explores research conducted over the past decade by the Polymer 

Extrusion Lab (PEL) at The University of Texas at El Paso (UTEP) in the area of novel FFF-

compatible polymer blends and polymer matrix composites. We will discuss examples of 

application-specific composite systems as well as efforts to create environmentally sustainable 

composites. We will also discuss the creation of novel polymeric blends and cover the research 

avenues opened by this materials development strategy.  Finally, we will discuss characterization 
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techniques used by our group to understand the interaction between the AM processing and the 

resultant physical properties. 

Experimental Overview 

The material systems discussed in this work were created through a melt compounding 

process.  The primary equipment set used was a Collin ZK 25T twin screw extruder/compounder 

(Collin Lab and Pilot Solutions, Norcross, GA, USA). The unit was equipped with co-rotating 

intermeshing screws and a melt pump as well as a belt puller/winding system. We have found the 

melt pump to be extremely critical in the maintaining of a constant filament diameter, which was 

targeted at 1.75mm or 2.85mm depending on the model of FFF unit used for a given study. On 

some occasions, particularly when small quantities of material were available (on the order of 

100g), a desktop grade Filabot EX2 single screw extruder was used (Filabot, Barre, VT, USA).  

Mechanical testing was carried out in the form of tensile testing following the geometries 

outlined in the ASTM D638 Standard [13] where, in most cases, the Type IV or Type V parameters 

were used. In some instances, Izod impact testing was also carried out following the ASTM D256 

Standard [14] and using a Tinius Olsen IT 504 Impact Tester (Tinius Olsen, Horsham, PA, USA). 

To fabricate the test specimens, we have used several FFF platforms including a Rostock MAX 

(SeeMe CNC, Ligonierm, IN, USA), a MakerBot Replicator (MakerBot Industries, Brooklyn, NY, 

USA) and a Lulzbot Taz series printer (Aleph Objects, Loveland, CO, USA). 

Electron microscopy has been the primary method to acquire visual data. We have relied 

on low vacuum systems, namely a Hitachi TM-1000 tabletop scanning electron microscope (SEM) 

and a Hitachi SU 3500 variable pressure SEM (Hitachi America, Santa Clara, CA, USA). Both 

systems are equipped with backscatter electron (BSE) detectors, however the SU 3500 is also 

equipped with an ultra variable detector (UVD), that allows for imaging analogous to secondary 
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electron-generated images. Another key aspect of the SU 3500 SEM, is the ability to operate in a 

low vacuum mode that allows for SEM characterization of specimens without the need to coat the 

specimens with a conductor. Additionally, our SU 3500 instrument is also equipped with a 

scanning transmission electron microscopy (STEM) detector (Deben UK, Ltd, London, England), 

which allowed for phase characterization of the polymer blends discussed in this study. Thin 

sections for STEM microanalysis were created via cryo-ultramicrotomy where we used a RMC 

PT-X ultramicrotome (Boeckeler Instruments, Tucson AZ, USA) equipped with a CR-X 

cryosectioning unit and diamond knife. 

THE BASIC STRATEGY FOR CREATING NEW MATERIAL SYSTEMS 

The main strategies employed by our group have been to create polymer matrix composites 

where the matrix material is a commonly used material in FFF processes, such as ABS, 

Polycarbonate (PC), or PLA, as well as the compounding of novel thermoplastic polymer blends.  

Both strategies depend on the resulting material system exhibiting physical properties that are a 

combination of the constituents. For example, the equation describing the yield strength of a 

composite is given by: 

𝜎𝑐 = 𝑉𝑓𝑚𝜎𝑚 + 𝑉𝑓𝑟𝜎𝑟,       (1) 

where σc is the yield strength of the composite, Vfr, is the volume fraction of the reinforcing 

material, Vfm is the volume fraction of the matrix,  σm is the ultimate tensile strength of the matrix 

and σr is the ultimate tensile strength of the reinforcing material [15]. Though we present the 

example of yield strength, the end goal of making thermoplastic matrix composites for FFF 

platforms is not always an increase in mechanical strength. In the example of a polymer blend, the 

expected glass transition temperature can be calculated from the equation: 

1

𝑇𝑔 𝑏𝑙𝑒𝑛𝑑
=

𝑥1

𝑇𝑔1
+  

𝑥2

𝑇𝑔2
,        (2) 
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known as Fox’s law, where Tg1 and Tg2 represent the glass transition temperatures of the 

two polymers in a blend and x1 and x2 are the weight fraction of the individual polymers [16].  A 

third strategy has been to create polymer matrix composites where the matrix material was a blend 

developed in our lab. Roberson et al. [17] described how the key to increasing the range of 

applications FDM™-type additive manufacturing platforms lay in the development of new 

material systems. Here, three examples were given: 1) materials for electromagnetic applications; 

2) materials for AM in austere, remote environments that are lacking in resources; and 3) materials 

for AM processes, in this case FDM™-type AM platforms. This work has served as the template 

for materials development in our lab. 

Development of Material Systems Designed to Mitigate Problems with FDM™-type 

Processing 

A well-known and documented detractor of FDM™ and FFF platforms is the mechanical 

property anisotropy of fabricated components. Particularly, the Z-direction deficiency in 

mechanical strength; a shortcoming well-documented in literature [18–23]. Other investigators 

have used post-processing steps to mitigate mechanical anisotropy such as Shaffer et al. [24], who 

used gamma radiation to induce crosslinking in PLA resulting in a decrease in the difference in 

strength between build orientations. Another path explored in literature for the reduction in 

mechanical property anisotropy is the development of modifications to the FFF process itself as 

was demonstrated by Ravi [25], who integrated a laser into a FFF platform in order to preheat the 

previous layer prior to deposition of a subsequent layer. 
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Figure 1.1 Depiction of build orientation differences. 

 

A great bulk of the early research conducted by our group has focused on the development 

of materials for FDM™-type AM platforms. The premise behind this effort is creating material 

systems that solve a shortcoming of the FFF process or materials that benefit from the FFF process 

itself. The initial shortcoming we sought to solve was the Z-strength of FFF manufactured 

components. Works by Torrado et al. [26–27] explored the effect of several additives on 

mechanical property anisotropy. In many cases, the difference in strength between ZXY and XYZ 

(Fig. 1) oriented specimens decreased at the expense of overall mechanical strength. Here we 

calculate the anisotropy as a percentage difference for Ultimate Tensile Strength (UTS) by the 

following equation: 

∆(%)𝑈𝑇𝑆 =  
𝑈𝑇𝑆𝑋𝑌𝑍−𝑈𝑇𝑆𝑍𝑋𝑌

𝑈𝑇𝑆𝑋𝑌𝑍
         (3) 

Many material systems were explored by the efforts of Torrado et al. [25, 26]. Most notable 

to mechanical property anisotropy was a ternary blend composed of three constituents: 1) ABS 

(grade MG37CR, Pittsfield, MA, USA); 2) the thermoplastic rubber, styrene ethylene butylene 
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styrene (SEBS, grade A1536 HU, Kraton, Houston, TX, USA); and 3) ultra-high molecular weight 

polyethylene (UHMWPE, GUR 1020, Celanese, Irving, TX, USA) that exhibited a decrease in 

mechanical property anisotropy, but at the expense of overall mechanical strength, as seen in 

Figure 2a. A key finding of these efforts was that obscuring the interface between print rasters 

(Fig. 2b) is a driving factor in the decreasing of mechanical property anisotropy, meaning that a 

potential path to solvency was revealed. A graphical representation of the different composites 

explored by Torrado et al. [26] is seen in Figure 3. 

 

Figure 1.2 (a) Graphical representation of the anisotropy difference between ABS and a 

ternary blend of ABS:UHMWPE and SEBS. The UTS in for XYZ oriented 

specimens is represented by the shaded bar, the UTS of the ZXY oriented 

specimens is represented by the white bar. Anisotropy difference in terms of 

MPa and % difference is represented by a diamond and square respectively; 

and (b) examples of the differences in morphology. Data from [26]. 

 

 



9 

 

Figure 1.3 Graphical representation of the material systems explored by our group and the 

effect on mechanical property anisotropy. The UTS in for XYZ oriented 

specimens is represented by the shaded bar, the UTS of the ZXY oriented 

specimens is represented by the white bar. Anisotropy difference in terms of 

MPa and % difference is represented by a diamond and square respectively. 

Data from [26]. 

 

Additional work on the ABS/SEBS/UHMWPE ternary blend system as well as a binary 

blend of ABS and SEBS  was performed by Rocha et al. [28] and serves as another example of an 

attempt to mitigate another shortcoming of FDM™-type AM platforms; surface finish. Particular 

to the rubberized blend of ABS and SEBS with a 50/50 by weight % composition, it was found 

that, as compared to ABS, the roughness of printed inclines (as determined by Ra value) was 

smoother at angles of 30° and 45° (Fig. 4a). Analysis via SEM indicated the rheology of the 

rubberized blend altered the way the material deposited, particularly at the edge of a specimen 

(Fig. 4b). 
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Figure 1.4 (a) Graphical representation of surface roughness measurements indicating that 

the addition of SEBS to ABS allowed for the printing of smoother inclined 

planes, and (b) SEM micrographs of ABS compared to ABS:SEBS in a 50:50 

weight ratio exhibiting rheological differences between the two materials. Data 

from [27]. 

 

LESSONS LEARNED 

These initial research efforts performed by our group came with a steep learning curve. In 

terms of equipment used, as mentioned above, our extruder system is equipped with a melt pump. 

We have found this to be invaluable in controlling filament diameter. The compounding of 

composites is not as simple as adding a filler to a matrix, as the constituents must be compatible 

with one another. Two strategies that can be taken to improve the compatibility between matrix 

and filler material are:1) modify the matrix; or 2) modify the filler. In the early works performed 

by our group, we admittedly did not have a firm understanding of these mechanisms, so no 

chemical modification of either the filler or the matrix was made, which is probably why, in most 

cases referenced above, there was a detraction in the tensile properties of the material systems. We 

have since developed and implemented filler functionalization processes involving silanes as well 

as adopted the use of matrix materials with maleic anhydride grafting to improve compatibility of 

matrix materials. 
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Development of Rubberized Blends 

Ninjaflex (NinjaTek, Mannheim, PA, USA) is perhaps the gold standard for FFF-

compatible thermoplastic elastomers, however, this material was not originally developed for AM 

technologies, rather it was repurposed from a material originally developed and used to 

manufacture automated teller machine (ATM) drive belts [29]. Efforts in the creation for soft 

elastomeric materials for FFF processes are ongoing and an early effort in the integration of 

elastomeric materials into FDM™ manufacturing was performed by Elkins et al. [30], who noted 

that the FDM 1600 system used in their effort required modification to compensate for the lack of 

stiffness of the elastomeric material used (the material was not specified).  More recent work in 

the area of developing new elastomeric materials for FFF processes was carried out by Schimpf et 

al. [31], who synthesized a semicrystalline  polyhydroxyurethane (PHU) and demonstrated 

compatibility with a FFF platform. Another work in the synthesis of a thermoplastic urethane 

(TPU) material was carried out by Harynska et al. [32], who synthesized a polycaprolactone (PCL) 

based polyurethane and demonstrated the manufacturing of a filament intended for FFF processes.  
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Figure 1.5 (a) Stress strain curves for the highest performing ABS:SEBS blend system 

studied by Siqueiros et al. [32] with representative SEM micrographs of the 

fracture surfaces. (b) %elongation values of the ABS:SEBS 10:90 system 

compared with manufacturer and laboratory published values for NinjaFlex 

[33]. 

 

Our work differs from others in academia as we have not utilized TPU, but rather we have 

used the copolymer triblock material SEBS. Work carried out by our group in the area of 

elastomeric materials for FFF processes stemmed from the rubberizing of ABS through the 

addition of SEBS via melt compounding in the afore-mentioned efforts by Torrado et al. and Rocha 

et al. [26, 27]. The rubberizing of ABS was further explored by Siqueiros et al. [33], however, we 

note that the SEBS used had been grafted with maleic anhydride (SEBS-g-MA, grade FG1901-

GT, Kraton, Houston, TX, USA). The SEBS contained roughly 2% by weight maleic anhydride 

and we chose this material with the intent of increasing compatibility between ABS and SEBS. 

Additionally, two grades of ABS were compared (MG47 and MG94, both supplied from SABIC). 

We also note here that the grade of ABS used in prior studies by Torrado et al. [26–27] (MG37CR) 
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was discontinued.  Additionally, MG94 is the grade of ABS utilized by MakerBot Industries. The 

key result of this work was the development of a blend composed of 90% SEBS and 10% ABS 

grade MG94 that was compatible with a standard desktop-grade FFF printer. Additively 

manufactured tensile test specimens composed of this particular blend exhibited % elongation 

values of 1506.6 ± 90.1%, a value we believe to be the highest recorded for an FFF material. Figure 

5 summarizes the key aspects of Siqueiros et al. [33] (5a) and also compares our elongation results 

with the work of Reppel and Weinberg [34], who performed research on NinjaFlex (Fig 5b). 

 
Figure 1.6 (a) PC-SEBS blend presented in Roberson and Siqueiros [36]. (b) TEM 

micrograph of PC blended with SEBS in a 50:50 by weight ratio. (c) UTS as a 

function of rubber content and (d) % elongation as a function of rubber 

content. Data From [36]. 

 

Further work in the rubberization of polymers was carried out by Roberson and Siqueiros 

[35] who demonstrated a FFF-compatible blend system composed of polycarbonate (PC, grade 

HF1110, SABIC, Pittsfield, MA, USA) and SEBS-g-MA. As was the case with combining ABS 

with SEBS-g-MA, blending PC with SEBS-g-MA yielded a material system with the ability to 
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sustain greater % elongation values with an increase in rubber content (Fig 6). Additionally, TEM 

characterization revealed a two-phase mixture, indicating the blends were immiscible (Fig. 6b ). 

However, this blend was only partially immiscible. The morphology of SEBS is composed of a 

two-phase mixture, where styrene spheroids are dispersed orderly within an ethylene butylene 

matrix. From the micrograph of the PC/SEBS blend, it can be seen that the styrene spheroids have 

dissolved within the PC leaving only the ethylene butylene phase discernable. 

LESSONS LEARNED 

An aspect we learned from the rubberization of relatively hard thermoplastics such as ABS 

and PC was that to improve blending, the non-elastomeric resin should be a low molecular weight. 

In Siqueiros et al. [32] it was noted that blends based on the MG94 grade of ABS exhibited superior 

mechanical properties as compared to blends based on MG47 at the same weight percentages of 

SEBS-g-MA addition because of the lower molecular weight of the MG94 allowed for more robust 

blending. Based on this learning, when we moved on to compounding PC-based blends, we chose 

PC grade HF1110, as it is the lowest molecular weight PC offered by SABIC. Additionally, we 

found that FFF printers with direct drive style print heads as employed by LulzBot were able to 

reliably fabricate specimens from soft materials as compared printers with Bowden-type print 

heads such as the Rostock Max. 

Shape Memory Polymers  

When integrated with AM platforms, shape memory polymers allow for what many have 

referred to as “4D Printing.” This leads to further enhancement the field of AM. Specific to FFF 

processes, most work found in literature has dealt with TPUs and polyurethane-containing blends. 

For example, Yang et al. [36] demonstrated the FFF compatibility of DiAPLEX, a TPU with shape 

memory properties, and demonstrated the printing of thermally activated grippers and a flower that 
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folded upon heating above the Tg. DiAPLEX is manufactured by SMP Technologies, Inc., a 

company that specializes in shape memory polymers. Another work involving TPU supplied by 

SMP Technologies, Inc. was carried out by Raasch et al. [37], who also explored the effect of 

thermal annealing on the mechanical and shape memory properties.  

 
Figure 1.7 Depictions of the three raster patterns used in the shape memory polymer study 

by Andrade Chávez et al. [37]: (a) crosshatched ±45°, (b) longitudinal 0°, (c) 

transversal, 90°. 

 

Work carried out in our group in the area of shape memory polymer development differs 

from what is found elsewhere in literature, as we did not rely on materials marketed to have shape 

memory properties. Rather, we sought to explore whether or not the rubberized blends created in 
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our lab possessed shape memory characteristics.  Experimentation with samples composed of the 

25:75 weight ratio of ABS:SEBS-g-MA revealed that this material system possessed shape 

memory characteristics. The effort performed by Andrade Chávez et al. [38] was a full 

characterization of the shape memory properties of the 25:75 and 50:50 compositions of 

ABS:SEBS-g-MA. Experiments were carried out at three deformation temperature regimes: 1) low 

temperature deformation at -40 °C; 2) room temperature deformation; and 3) an elevated 

deformation temperature of 105 °C for the 50:50 blend and 110 °C for the 25:75 blend, as these 

temperatures were near, but below the glass transition temperatures of each blend as determined 

by dynamic mechanical analysis (DMA). This work also provided the opportunity to examine the 

effect of raster pattern on the shape memory characteristics, namely, the shape fixation ratio (Rf) 

and shape recovery ratio (Rr). In general, these two parameters are determined by deforming a test 

specimen in tension to a discrete % elongation (usually 100%) and then recovering the specimen 

to the original shape after the application of a stimulus (in this case heat) and performing 

calculations based on following equations: 

𝑅𝑓(%) =  
𝜀𝑢

𝜀𝑚
 × 100%                    (4) 

 

𝑅𝑟(%) =  
𝜀𝑚−𝜀𝑝

𝜀𝑚
 × 100%        (5) 

 

where 𝜀𝑢 is the elongation of the specimen after the load is removed, 𝜀𝑚 is the maximum strain 

the specimen is subjected to, and εp is the elongation of the specimen after recovery. In this case, 

the specimens were printed in geometries according to the ASTM D638 standards. Here, we used 

three raster patterns (Fig. 7), crosshatched, longitudinal, and, transversal, where the transversal 
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was meant to mimic the performance of specimens printed in the Z-direction (ZXY orientation) as 

shown by Torrado and Roberson [39].  

 

 
Figure 1.8 (a) Example of the shape memory characterization of the ABS:SEBS-g-MA 

blend and (b) data indicating the dependence of shape memory parameters on 

raster pattern switched between Rr and Rf depending on the deformation 

temperature regime for the 25:75 ABS:SEBS-g-MA blend. Data from [37]. 

 

 Key findings from this effort were that there was a dependence of shape memory 

parameters on raster pattern. However, we also noted a relationship with deformation temperature 

regime. At room and low temperature deformation, the Rf, (the ability to hold a temporary shape) 

was dependent on raster pattern, where the longitudinal raster pattern exhibited the greatest value. 

At elevated temperatures, the Rr (the ability to return to the original shape) was the parameter that 

exhibited a dependence on raster pattern, and again, the longitudinal raster pattern exhibited the 

highest values. The highlights of this effort are depicted in Figure 8 and micrographs related to the 

polymer phase characterization will be elaborated upon below. 
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 Electron microscopy has been an invaluable tool in the materials characterization efforts 

carried out by our lab. In the characterization of the shape memory polymer blends, phase 

characterization via scanning transmission electron microscopy (STEM) allowed us to determine 

that the phases within the polymer blends were aligned by the printing process, as there was a 

difference between specimens extracted from as-extruded filaments (Fig 9a) and as-printed 

specimens (Fig. 9b).  Specimens were prepared by cryo-ultramicrotomy  and comparing samples 

extracted from the as-extruded filament with a printed specimen revealed that the phases became 

elongated and arranged in a direction coincident with the print raster direction (indicated by the 

white arrow in Fig 8b.). The discernable phases also indicated that the blend was an immiscible 

blend. Here we see globules of ABS (the lighter phase) with the butadiene spheres (the black round 

features) in the center and individual styrene spheroids (white circular features) distributed within 

an ethylene butylene matrix. It is believed that phase alignment was caused by the FFF process 

and not the extrusion process because the diameter of print nozzle orifice is smaller than the 

extruder die orifice (~0.5mm as compared to 3.0mm). 

 
Figure 1.9 (a) STEM micrograph of an as-extruded sample of ABS:SEBS-g-MA 25:75 

indicating that the blend was immiscible. The as printed specimen in (b) 

indicates that the FFF process elongates and aligns the phases The white arrow 

in (b) indicates print direction. 
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The most recent efforts in our group in the area of shape memory polymeric materials 

development have centered around the rubberization of PLA with both SEBS-g-MA and TPU 

(Ninjaflex). In this effort we have incorporated TPU to compare the performance with SEBS-g-

MA. On its own, PLA exhibits shape memory properties that can be realized by heating the 

material to just below the Tg deforming to a temporary shape, allowing the object to cool, and then 

heating up to, or slightly above, the Tg to recover the shape [40]. An example of this is seen in the 

additively manufactured zig-zag structure in Figure 10. The as-printed state is the permanent shape 

of the structure. The zig-zag structure was heated above the Tg (~70 °C), deformed (compressed), 

and then allowed to cool.  The original shape was recovered after, again, heating above the Tg. 

Based on our experience with combining ABS with SEBS to realize shape memory properties we 

sought to modify the pre-existing shape memory properties found in PLA. The mechanism driving 

the shape memory effect in PLA is referred to as “dual-state.” Here, the crosslink type and strength 

are the components responsible for driving the shape memory process [39]. Additionally, we also 

sought to explore whether room temperature deformation would be possible, as PLA alone 

necessitates heating prior to deforming to the temporary shape. Initial work reported by Quiñonez 

et al. [29] entailed the blending of PLA with SEBS-g-MA at percentages of 5%, 10%, 25%, and 

50%. All weight percentage blends were compatible with a standard FFF printer. Printed Izod 

impact test specimens exhibited an increase in impact strength with the addition of 5% SEBS-g-

MA, however, unexpectedly, the impact strength lowered at the 10% increment and then exhibited 

a dramatic increase for loadings of 25% and 50% by weight SEBS-g-MA. SEM microanalysis of 

the fracture surfaces of the impact specimens composed of the blend compositions indicated that 

the fracture behavior became more ductile with an increase in rubber content (Fig. 11), to the point 

that the individual print rasters exhibited necking for the 50:50 composition. Additional features 
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of the brittle fracture mode are the craze cracks indicated by the white arrow in Fig. 11a. The white 

arrows in 11c and 11d, are pointing out fibrils, another indicator of a ductile failure mode.   

 

 
Figure 1.10 Demonstration of the shape memory properties of a PLA structure made by 

FFF. 

 

Analysis via DMA showed a decrease in max tan δ, but the dampening response after the 

glass transition temperature peak was roughly the same, meaning that the rheological behavior 

after the glass transition temperature was the same for all the blends. Further work by Quiñonez 

[41] incorporated TPU in the same weight percentages as the SEBS-g-MA in order to act as a 

comparison. It was found that the addition of TPU yielded a similar impact resistance behavior as 

was observed when adding SEBS-g-MA in that there was a slight dip at 10% by weight and then 

a dramatic increase at the 25 and 50% iterations. However, the addition of TPU yielded higher 

impact resistance values as compared to SEBS-g-MA at these weight ratios. The impact test data 

for this effort is tabularized in Table 1. 
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Figure 1.11 SEM micrographs of spent Izod impact test specimens where (a) is PLA loaded 

with 5% SEBS-g-MA, and (b), (c), and (d) correspond to rubber loadings of 

10, 25, and 50%, respectively. Note the transition in fracture surface 

morphology from brittle to ductile as rubber content increased. Data from 

[28]. 

 

Initial characterization of the shape memory performance is seen in Figure 12 for 75:25 

ABS:SEBS-g-MA blend. Room temperature deformation led to necking of the specimen, which 

could be considered damage. The specimen recovered to nearly its original shape upon exposure 

to 80 °C in an oven for 5 min. In terms of calculated shape memory performance, the Rr and Rf 

values were 97% and 88% respectively. Further characterization of both blend systems at higher 

elastomeric content indicated that there was an increase in additively manufactured components 

shape memory performance values in the longitudinal raster pattern as compared to injection 

molded specimens. This comparison of AM to a more traditional manufacturing method (injection 

molding) further supports the hypothesis that phase alignment improves shape memory 

performance as was alluded to in the previously mentioned shape memory polymer development 
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effort conducted by Chavez et al. [38]. Our lab’s efforts in the area of shape memory polymer 

development serve as another example of the development of material systems whose physical 

properties can benefit from the AM processing to which it is subjected. Further study of this 

material system is warranted and is one of the many aspects that lay ahead in the area of novel 

material development. 

 
Figure 1.12 Initial shape memory characterization of the PLA:SEBS-g-MA blend at the 

75:25 composition. Data from [28]. 

 

TABLE 1.1 TABULARIZED IMPACT RESISTANCE DATA OF ADDITIVELY MANUFACTURED IZOD IMPACT 

TEST SPECIMENS FOR THE PLA/ELASTOMER SYSTEMS. DATA FROM [40]. 

 

 

Wt. % 

Elastomer 
Impact Strength, J/m (PLA:TPU) 

Impact Resistance, J/m  

(PLA:SEBS-g-MA) 

 AVG STDEV AVG STDEV 

0%  30 0.5 30 0.5 

5% 58 0.9 49 8.8 

10% 34 11.5 45 11.8 

25% 95 13.12 58 39.9 

50% 381 19.2 201 67.6 
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LESSONS LEARNED 

The incorporation of a soft elastomeric constituent in a thermoplastic blend enables the 

shape memory mechanism of dual-component. Here, the driving force for the shape memory 

process is the presence of physically hard and soft domains [39]. In the case of ABS, which has 

no significant shape memory characteristics on its own, shape memory properties were enabled by 

the incorporation of the thermoplastic rubber, SEBS. In the case of PLA, the shape memory 

mechanism was switched from dual-state to dual-component, which also enabled deformation of 

the material at room temperature. While, in most cases, shape memory properties are characterized 

by elevated temperature deformation, our work shows that exploration of other deformation 

temperature ranges (room and below) uncovers aspects related to the shape memory process that 

would not otherwise be realized. Finally, the ability to align phase domains trough the FFF process 

allows for discrete control over the shape memory properties for dual-component SMP material 

systems. 

Electromagnetic Materials Development 

The range of materials developed for the use of FFF in electromagnetic applications 

literature is broad. An example is the development of electrically conductive ABS for 

electromagnetic interference (EMI) shielding by Schmitz, et al. [42], where ABS was loaded with 

carbon nanotubes and carbon black to increase the electrical conductivity. An example of the 

creation of FFF-compatible dielectric materials was demonstrated by Khatari et al. [8], who, as 

mentioned earlier, created an ABS-based system with tunable dielectric properties by 

compounding the terpolymer with varying weight percentages of barium titanate.  

A  key effort in the area of electromagnetic materials performed by our lab was  the creation 

of a PC (Lexan FXD171R, SABIC, Pittsfield, MA, USA) matrix composite filled with tungsten 
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particles made for the application of radiation shielding reported by Shemelya et al. [43]. Here, a 

functionalization process to modify the tungsten particles was used, which entailed the silanization 

of the tungsten particles in order to promote adhesion between filler and matrix. Composites were 

created with 1%, 3%, and 5% by weight tungsten and exhibited an increase in stiffness (as 

determined by DMA) corresponding with the increase in tungsten content. The amount of X-Ray 

radiation passed through test specimens decreased with an increase in tungsten content meaning 

that the attenuation factor of the material system was tunable. The design of this material was 

carried out according to the Beer-Lambert law [44]: 

𝐼𝑥 = 𝐼𝑜𝑒
−(

𝜇

𝜌
)

𝑚
𝜌𝑚𝑥

          (6) 

 

where (
𝜇

𝜌
)

𝑚
is the mass absorption coefficient of the mixture, x is the length of the sample, ρm is 

the density of the mixture, Ix is the intensity of radiation after the X-Rays have passed through the 

material and Io is the initial intensity of the radiation. Both the mass absorption coefficient of the 

mixture and the density of the mixture were calculated from two law of averages-type equations 

based on the weight percentage of each constituent (signified by x1 and x2), in this case tungsten 

and polycarbonate: 

(
𝜇

𝜌
)

𝑚
= 𝑥1 (

𝜇

𝜌
)

1
+ 𝑥2 (

𝜇

𝜌
)

2
 ,          (7) 

where (
𝜇

𝜌
)

1
and (

𝜇

𝜌
)

2
 are the mass absorption coefficients of the individual constituents, 1 and 2, 

and 

 

𝜌𝑐 = 𝑥1𝜌1 + 𝑥2𝜌2 ,          (8) 
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where ρ1 and ρ2 are the densities of constituent 1 and 2, respectively. Since no alloying or 

lattice parameter change was expected to occur in the combining of tungsten with PC, it was 

determined safe to assume this methodology for composite density. Experimental results 

confirmed the predicted model of attenuation factor for the four materials studied in this effort. 

The decrease in radiation passed-through corresponding with an increase in tungsten content along 

with an example of printed specimens can be seen in Figure 13. 

 
Figure 1.13 (a) Radiation shield specimens composed of pure PC and three tungsten 

loadings that were made by way of FDM™. The graph in (b) indicates the 

percent of X-Rays transmitted through the specimens where the beam energy 

was 50 keV. Data from [42]. 

 

LESSONS LEARNED 

In this work, we began developing and incorporating silane functionalization processes that 

were applied to the filler material prior to combining with the polymer matrix material in order to 

promote dispersion within and adhesion to the polymer matrix. A notable result of this was that 

there was an increase in the impact strength with an increase in tungsten content. In this work we 

found it useful to normalize the mechanical testing data based on specific gravity measurements 

to gain insight into the actual strength of the compounded materials without convolution of air 

gaps produced by the FDM™ process. Additionally, we found it beneficial to utilize a master batch 

of highly loaded PC that was then diluted in the melt compounder to the desired weight percentage 

by combining granulate of the highly loaded material with neat PC. 
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Sustainable Materials Development 

There are two main categories in the area of sustainable materials for FFF processing: 1) 

the development of biodegradable/bio-based materials; and 2) recycling waste streams into useable 

feedstock for FFF processing [45]. Examples in literature of the use of biodegradable materials for 

FFF processing mainly involve PCL and PLA [46–47]. Notable works in the area of repurposing 

waste material into FFF feedstock material were demonstrated by Zander et al., who created 

feedstock materials and composites from recycled polyethylene terephthalate (PET) water bottles 

and polypropylene packaging [48–49]. 
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Figure 1.14 (a) SEM micrograph of the composite of PLA combined with NaCl at 5% by 

weight. (b) Box plots comparing tensile specimens of two different raster 

patterns, where the composite of PLA filled with NaCl exhibited a lower 

mechanical property sensitivity to raster pattern. The SEM micrograph in (c) 

is of non-functionalized jute plant fiber combined with PLA note the poor 

interface between fiber and matrix. The SEM micrograph in (d) is of jute plant 

fiber that was functionalized by first soaking the fibers in supersaturated NaCl 

solution. Note the fibrils highlighted by white arrows. Data from [50]. 

 

Efforts in our lab in the area of sustainable materials for FFF-type additive manufacturing 

initially centered around the improvement of the engineering properties of PLA, as this 

thermoplastic is sourced from renewable resources such as corn and is compostable [50]. Another 

work conducted by Rocha [51] centered upon the development of several PLA matrix FFF-

compatible composite systems. For this effort, we used PLA Grade 4043D, (NatureWorks, 

Minnetonka, MN, USA) a grade supplied in filament form by many FFF filament manufacturers. 

One of the goals of this effort was to find sustainable modifiers that would enhance the filler/matrix 

interface to act as an alternative to more toxic chemicals such as the afore mentioned silanes. It 

was found that combining PLA with NaCl (Fig. 14a)—commonly referred to as table salt, but in 

this case, a reagent grade chemical (halite) was used—decreased the raster pattern sensitivity of 

printed tensile test specimens (Fig. 14b). SEM microanalysis revealed the interface between NaCl 

and PLA to be robust, making it a potential candidate to utilize as a functionalization treatment. 

Jute plant fiber was treated with supersaturated aqueous solutions of NaCl and the result was a 

difference in the adhesion between fiber and matrix as evident by the presence of fibrils between 

the matrix and fiber on spent tensile specimens (Fig. 14d) that were not observable when no 

functionalization was used (Fig 14c). 
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Figure 1.15 Combining waste products from two streams, plastic food packaging and 

textiles to create an advanced FFF-compatible composite. Data from [51, 52]. 

 

Additional efforts in the area of sustainable composites have been carried out by our group 

where the focus has been on the use of recycled or upcycled materials. One example was carried 

out by Carrete et al. [52] and Carrete [53], who created a cotton-fiber reinforced PET composite, 

where the PET was created from recycled water bottles and the cotton fibers were sourced from 

denim. Here the cotton fibers were subjected to an acid hydrolysis treatment to remove the 

amorphous region of the fiber, leading to the separation of cellulose crystalline particles that were 

then filtered and subjected to a silane functionalization process. An example of the crystalline fiber 

is seen in the SEM micrograph in Figure 15. Both the recycled PET and PET/cellulose composite 

were able to be printed with a standard FFF printer.  Analysis via DMA of printed specimens 

indicated that the max tan δ was increased due to the addition of the crystals at 10% by weight 

from 0.28 to 1.32 meaning that the energy dissipating capability of the material was increased. 

Impact testing was carried out on additively manufactured impact test specimens, which exhibited 

an increase in impact resistance from 14.38 ± 2.579 J/m for the PET to 23.3 ± 5.210 J/m for the 

PET/cellulose composite. This work was an example of utilizing the AM process of FFF as an 

outlet for two waste streams: 1) polymeric waste; and 2) textile waste; while also serving as a 

template for the creation of feedstock materials in austere, remote environments where neat 

polymer sources may be in short supply or hard to acquire. 
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LESSONS LEARNED 

The decrease in anisotropy due to the addition of NaCl to PLA is an aspect that warrants 

more investigation as it implies that the solvency of a great detractor to FFF manufacturing 

processes could be mitigated by the addition of an abundant mineral. A difficulty encountered in 

work with recycled bottles was granulating the water bottles. A combination of a Filabot Reclaimer 

and paper shredder was used and the process was not as straight forward as feeding a whole bottle 

to either shredding tool.  Additionally, extracting cotton fibers from denim material was tedious 

as it was carried out by hand. When combining the hydrolyzed filler material with the PET 

granulate, a drastic drop in viscosity occurred, presumably caused by a hygroscopic response by 

the PET matrix [51]. For the PET material system, we found it necessary to employ air cooling 

during the extrusion process, as water cooling of the extruded filament caused coiling due to rapid 

crystallization. Both PLA and PET are polyesters that exhibit hygroscopic behavior, so we had to 

dry the filaments prior to printing specimens. 

Development of Hybrid Material Systems 

Hybrid material systems have also been explored by our group, where the term “hybrid” 

refers to creating a composite where the filler material has a similar Tg to the matrix material. The 

expectation was that the filler material would not be in a solid state during the melt compounding 

and/or FFF manufacturing due to the processing temperatures. We are not aware of other 

investigators who have conducted research in this area. The drive for this effort was to understand 

if the morphology of the filler material could be influenced by the FFF processing. We expected 

the filler to change from the original morphology into that of drawn wires. To relate back to the 

original template that we have followed in our lab, this branch of research falls into the category 

of developing materials for FDM™-type processes. One effort in this area was reported by 



30 

Siqueiros and Roberson [54] who synthesized a tin fluorophosphate glass (P-glass) with a 

relatively low Tg (compared to SiO2 at 1300 °C) originally reported elsewhere to be in the range 

of ~110 °C [55]. Considering that the temperature ranges of the extrusion and FFF processes are 

over 200 °C, it was expected that the morphology of the filler material would change during either 

process. The initial morphology of the P-glass was flake like. Two different polymer matrix 

materials were used: 1) the 50:50 weight ratio blend of ABS MG94 and SEBS-g-MA mentioned 

above; and 2) PLA (Grade 4043D, NatureWorks, Minnetonka, MN, USA). Composites based on 

the ABS/SEBS blend were created with 5, 10, and 20% by weight P-glass. We could not achieve 

a printable filament of PLA loaded with 20% by weight P-glass due to filament brittleness so 

loadings of 2.5, 5, 10, and 15% by weight were created. 

In the case of ABS:SEBS-g-MA loaded with 5% by weight P-glass, wire drawing was 

observed where the flakes were drawn into an elongated morphology, but an increase in 

mechanical properties was not realized. Moreover, it appeared as if loadings of P-glass greater 

than 10% by weight began to negatively affect the mechanical properties. It was then found that 

the amount of air gap in the loaded specimens due to the FFF process was somewhat large. The 

density of printed specimens decreased with an increase in P-glass loading leading to, at worst, 

specimens that were only ~60% dense. We came to this conclusion by comparing theoretical 

density measurements to actual density measurements.  Normalization based on specific gravity 

measurements (a strategy we first employed in our work with radiation shielding material) was 

employed to accurately assess the effect on mechanical strength and it was found that based on 

normalized data, the UTS values increased for each loading, but plateaued after 10% by weight 

loading for the ABS:SEBS-g-MA matrix system. A similar behavior was observed in the case of 

the PLA matrix system. Again, it was noticed that the density of printed specimens decreased with 
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an increase in P-glass loading. Normalization was, again, used to determine the actual strength of 

the compounded material and it was found that the addition of P-glass had a beneficial effect on 

UTS for all loadings, but the benefit was greater at lower loadings of 2.5 and 5% by weight. At 

higher weight percentages, the P-glass particles begin to agglomerate.  A graphical representation 

for the P-glass composite system is seen in Figure 16, where normalized data is compared to as-

measured data.  

 
Figure 1.16 Graphical representation of UTS values for (a) ABS:SEBS-g-MA loaded with 

P-glass at various weight percentages and (b) PLA loaded with P-glass at 

various weight percentages. Note the effect of normalizing the values based on 

measured specimen density. Data from [53]. 

 

Further analysis of the PLA matrix version of the P-glass composite revealed a discernable 

sensitivity to pre-processing steps that the filament was subjected to before the printing process. It 

was found that the as-extruded filament exhibited sensitivity to moisture and no in situ wire 
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drawing was observed post printing due to a decrease in matrix viscosity. As mentioned above, we 

typically employ water-cooling in the extrusion process and found this to be the source of moisture. 

The experiments with the PLA matrix composite were repeated, for baseline PLA and PLA loaded 

with 10% by weight P-glass however, this time the filament was dried prior to printing tensile test 

specimens following the manufacturer recommended drying schedule of 4 hours at a temperature 

of 80 °C. When analyzing the fracture surface of spent tensile specimens, wire drawing was 

observed as the PLA was viscous enough to change the morphology of the glass during the printing 

process. An increase in UTS values was also observed when the data was not normalized, and was 

even more profound when the data was normalized based on specific gravity measurements. 

Further, it was found that increasing the print temperature to 240 °C and 260 °C (as compared to 

our usual temperature of 220 °C) also led to an increase in wire drawing and an increase in tensile 

strength values for PLA loaded with 10% by weight P-glass when the filament was dried prior to 

printing. We also note that the increase in strength with an increase in print temperature was also 

observed in the case of unfilled PLA baseline specimens. The effect of increasing print temperature 

on the UTS values of dried filaments is seen in Table 2. 

TABLE 1.2 THE EFFECT OF INCREASING PRINT TEMPERATURE ON PLA AND PLA LOADED WITH 10% 

P-GLASS FOR FILAMENTS THAT WERE DRIED PRIOR TO THE PRINTING PROCESS. DATA 

FROM SIQUEIROS AND ROBERSON [53]. 

Material Print 
Temp 
(°C) 

Ultimat
e 

Tensile 
Stress 
(MPa) 

ST. 
DEV 

Normali
zed UTS 

ST. DEV Tensile 
strain at 

Break 
(%) 

ST. 
DEV 

 (n) 

PLA/P-glass 
10%  

220 57.1 2.91   3.19 1.63 3 

PLA/P-glass 
10%  

230 56.8 0.67   2.88 0.16 3 

PLA/P-glass 
10%  

240 58 1.74 67.7 2.2 3.34 0.42 3 

PLA/P-glass 
10%  

260 57.5 0.85   4.67 0.62 3 
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PLA Baseline  220 56.4 2.18   5.29 1.46 3 
PLA Baseline  230 56.2 2.22   2.98 0.63 3 
PLA Baseline*   240 57.6 1.46 57.6 1.5 3.96 1.13 3 
PLA Baseline  260 59.5 2.61   4.42 0.87 3 

*Specific gravity measurements confirmed the PLA specimens to be 100% dense. 

 

 Another effort by our group in the area of hybrid materials development involved a metallic 

tin-containing filler as presented in Andrade Chávez et al. [56]. Here, eutectic SnBi spherical 

particles with a nominal diameter of 8.8µm were compounded with ABS, PLA, as well as three 

iterations of the ABS:SEBS-g-MA blend, where the rubber was added in increments of 25, 50, and 

75% by weight. It was theorized that the compounding and printing processes would change the 

spheroid morphology of the SnBi particles to that of an elongated wire-like structure. The efficacy 

of silane functionalization was also of interest due to the fact that the operating temperatures of 

the extrusion and printing process were well above the melting temperature of the filler material.  

 Key results of this work were that a change in morphology of the SnBi particles was 

observed for every material type where the spheroid particles were drawn into wires.  

Agglomeration of the SnBi particles at loadings higher than 10% by weight led to a detraction of 

the mechanical properties.  The efficacy of functionalization was evident in ABS, which exhibited 

an increase in tensile strength from 33.17 ± 1.12 MPa to 37.82 ± 1.76 MPa that was verified by 

Tukey Kramer HSD to be statistically significant. On the other hand, non-functionalized particles 

lessened the UTS values also by a statistically significant amount. Functionalization was also 

beneficial to the relatively low loading of SEBS-g-MA in the 75:25 by weight ratio of ABS:SEBS-

g-MA. Silane functionalization appeared to lose efficacy as the increase in SEBS-g-MA content 

increased.  

In the case of the composite created from PLA and SnBi, we were only successful in 

creating a printable filament at the loading of 5% by weight. Again, the efficacy of 



34 

functionalization was observed, but the tensile strength of the functionalized composite was only 

able to match that of neat PLA control specimens whereas no functionalization led to a decrease 

in UTS values. Fracture surface microanalysis via SEM of a specimen from the functionalized data 

pool revealed that the SnBi had been drawn into a rod-like shape, indicating that in-situ wire 

drawing had occurred.  

 
Figure 1.17 The filler materials in hybrid materials can be drawn in-situ into wires by the 

additive manufacturing process of FFF. (a) SEM micrograph of the original 

morphology of P-glass and the transition into a wire form in a specimen of 5% 

(by wt.) P-glass in SEBS-g-MA. (b) SEM micrograph the original spheroid 

morphology of SnBi particles that transform to a wire-like form in a printed 

specimen of 5% (by wt.) SnBi in PLA and (c) a schematic of the in-situ wire 

drawing process. Data for (a) and (c) from [53] and data for (b) from [55]. 

 

As mentioned above, the efforts to create hybrid material systems was aimed at utilizing 

the FFF process to dictate the morphology of the filler material. In both the cases of P-glass and 

SnBi, the printing process had a more profound effect on the morphology of the filler material as 

compared to the melt compounding process. As was the case with polymer phase alignment, it is 

believed that the printing process is the driver of wire drawing due to the relatively small orifice 

size of the print head nozzle compared to the extruder (~0.5mm compared to 3mm). A schematic 

depicting the change in morphology is shown in Figure 17c. Further work in this area should be 
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carried out to greater characterize the wire drawing process and to examine the relationship 

between raster pattern and mechanical strength. 

LESSONS LEARNED 

Drying of the extruded PLA filament is paramount. We have always employed a pre-

extrusion drying process in a Dri-Air CFAM micro air dryer. When working with hygroscopic 

materials, it is paramount to incorporate drying of the filament before the printing step. In the case 

mentioned above, the melt flow index value for the extruded PLA was ~16 g/10 min as compared 

to the specified value of 6 g/10 min making the effects of moisture evident. Discrete 

experimentation with the printing temperature is also a necessity in the management of the in-situ 

wire drawing process. Again, specific gravity measurements to normalize data is a good way to 

enable deconvolution of the presence of air gap when trying to assess the bulk strength of a printed 

material. However, this process is quite tedious and in some cases is not feasible for large data 

sets. As mentioned above, there are two strategies for increasing compatibility between filler and 

matrix: altering the filler or altering the matrix. In the case of SnBi blended with a maleic anhydride 

containing material, it was evident that combining these strategies may not always be the best 

course of action. 

Looking Ahead and Conclusions 

With respect to our lab, the future focus entails continued research into the development of 

materials with properties that can benefit from the FFF printing process. An additional focus will 

be on the development of recycling solutions and sustainable materials that either enable their 

removal from the associated waste streams or a change in the behavior of polymers once they have 

been discarded. Efforts in understanding the effects of the FDM process on material degradation 

will also be a strong area of interest moving forward. We have already begun efforts to understand 
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this phenomena in another effort by Carrete et al. [57], who explored the degradation effects of 

exposing FFF manufactured PETG and PLA specimens to various liquid media by fractography 

of exposed tensile specimens. Failure analysis based on fracture surface characterization has been 

and will always be a key aspect of our research. The first work generated by our lab was a failure 

analysis effort of novel composites for FFF applications performed by Torrado et al. [25] and we 

have incorporated an aspect of fracture surface analysis in every work we have published. Future 

shape memory polymeric materials development includes determining if the PC-SEBS system 

exhibits shape memory properties. If so, this shape memory polymer system would be expected to 

operate at a higher temperature as compared to the ABS-SEBS system discussed above as the Tg 

is higher according to Fox’s Law meaning that the operation temperature for shape memory is 

higher. Additionally, the effect of crystalline domains on degradation and shape memory 

mechanisms is of great interest to our lab. 

 Increasing the applicability of FDM™-type AM platforms will continue to rely on 

a continually growing array of material systems. While the most widely used material for this AM 

platform continues to be ABS, the important research taking place in academic environments to 

create novel material systems continues to grow in significance. The activities of the Polymer 

Extrusion Lab (PEL) represent only one of many efforts in this area across the world. The 

perceived lack of materials development in the commercial sectors may simply be an indication 

that average user of FDM AM platforms does not require boutique material properties, like 

radiation shielding or those necessary for energy harvesting. However, there is the belief by our 

lab that this notion will change over time with the development of broadly applicable new 

materials. 
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Chapter 2: Development and Characterization of Self-Healing Polymer Blends for Additive 

Manufacturing 

Introduction 

Humankind has been making use of processed polymers for nearly 3700 years starting with 

Mesoamerican cultures who extracted latex from the Castilla elastica tree and combined it with a 

liquid obtained from a vine known as Ipomoea alba; controlling the elasticity of the resultant 

mixture by varying the ratio of liquid to latex [58–59].  The ancient cultures of Mesoamerica had 

a fundamental understanding of the materials they were dealing with and could develop different 

recipes based on the application, which, in the case of this rubber compound, ranged from balls 

for ceremonial games to bands used to manufacture tools [58]. Undoubtedly, a key enabler for the 

success of these cultures’ mastery of polymer processing and manufacture was the understanding 

of material performance in a variety of conditions. The method of controlling polymer properties 

through composition control will be utilized by the research effort proposed here, but with the 

added twist of manipulation of phase texture by way of advanced manufacturing techniques.  

 

Fast forward to modern times and humankind has an unparalleled ability to fabricate 

objects from a wide variety of polymers and manufacturing methods. However, now the stakes are 

much higher than those experienced by those early adopters of polymers from long ago, as 

components fabricated from polymers are expected to reliably perform in a wide variety of theatres 

ranging from components used in aerospace systems to those that support human life in healthcare 

situations to applications that are often thought of as disposable such as food packaging and trash 

bags. However, there are several downsides to society’s use of plastics. A key detractor of the 

widespread use of plastics is due in part to the way they behave in the environment, particularly in 
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oceans and waterways. The specific gravity of most polymers is close to a value of 1, the same as 

water, meaning that polymer waste tends to float in water at various depths depending on the size 

of the plastic object [60]. Mechanical degradation causes plastic material to break down into 

smaller and smaller particles until they reach the microscale. These “microplastics” are ingested 

by fish and other wildlife and can lead to their death [61]. Chemicals such as phthalates that are 

commonly found in plastics disrupt the endocrine systems of fish and wildlife and negatively affect 

their reproductive systems, leading to a negative impact on the population of these animals [62]. 

The impact of microplastics is not limited to fish and other wildlife as it is estimated that the 

amount of microplastics ingested by consumers of seafood is on the order of 11,000 particles per 

year for a person [60]. This indirect consumption of endocrine harming chemicals by humans can 

pose a health risk as plasticizers have been linked to a wide range of endocrine-related health 

problems and have also been shown to negatively affect fetal development in humans [63]. While 

in the body, microplastics can further degrade to the nanoscale and be absorbed by body tissue 

leading to an immunoreaction [64]. Microplastics have now been found in every ecosystem, 

meaning that risk of human consumption is not limited to seafood eaters [65]. Even more 

disturbing is the fact that microplastics have been detected in the fecal matter of humans in several 

studies [64–67] and has been linked with Inflammatory Bowel Disease in humans [66]. Perhaps 

the most shocking discovery related to the impact of polymeric materials on humans is the 

detection of microplastics in the blood and tissue of human placentas [68] as well as human whole 

blood tested from samples obtained from random blood donors [69]. Furthermore, microplastics 

have been found in the lung tissue of living human beings [70] meaning that plastic waste is 

literally in the air we breathe!. How we handle plastic waste is a big problem. Today plastic refuse 

can be found on every surface of our world [71–74]. The “great garbage patches” —essentially 
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floating columns of plastic the size of the state of Texas [75–77] in every geographical ocean— 

are glaring reminders of the negative impact a material type most people use (and discard) every 

day can have on the environment. Furthermore, a layer of plastic waste is a key characteristic of 

what is referred to as the “Anthropocene” geological period in which humanity now resides [78]. 

The ease at which polymeric waste is discarded can easily be illustrated by a ball point pen; when 

a small amount of ink is used up, a relatively large amount of polymeric material is discarded 

(Fig. 1).  

 

Fig. 2.1 The wasteful nature of society’s use of plastics. 

 

Though recycling is one option for the reduction of polymeric waste, challenges such as 

contamination by filler materials or mixed plastics, robustness of recycled materials (as compared 

to virgin material), and the amount of energy needed to sort, separate, and reprocess plastics inhibit 

the viability of this path [79]. It has recently been reported that only 20% of polymeric material 

waste is recycled and that the strategy of chemical upcycling of polymeric waste into new materials 

is a more viable and value-added path [80].  

The research presented in this work is based on the belief that polymer waste can be 

reduced by the implementation of polymeric materials with shape memory and self-healing 

properties that would allow components fabricated from these plastics to be easily repaired rather 

than be thrown away. The initial inspiration for this research effort came from a personal 

experience by the one of the authors involving the protective case of his child’s Amazon Kindle 

tablet. The case had become mechanically stretched out from use (Fig. 2) and the ability to sustain 

an impact was compromised. The initial thought was to throw the case away and purchase a new 
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one. However, it was found that the case was manufactured from Ethylene-Vinyl Acetate (EVA) 

foam, a material with shape memory properties and a recovery temperature range between 60° and 

78° C [81]. The case was thermally recovered by placing the case in in a toaster oven and the case 

was then able to be used again. This simple example demonstrates three key aspects related to how 

society views polymeric materials: 1) the need to overcome what has become an instinctive 

response related to throwing plastic items away; 2) the need to exploit inherent properties of 

polymeric materials that may increase the lifespan of components and reduce the frequency of 

replacement; and 3) the need to proliferate knowledge related to the ability of materials to be easily 

healed allowing for plastic part reuse.  

 

Fig. 2.2. Using the inherent shape memory properties of EVA to reuse a tablet case. 

 

Shape memory polymers have been well studied in literature, where the critical parameters used 

to evaluate the characteristics of a given material system are shape recovery ratio (Rr) and shape 

fixation ration (Rf) given by the following equations: 

𝑅𝑟(%) =  
𝜀𝑚−𝜀𝑝

𝜀𝑚
 × 100%  (1)    

𝑅𝑓(%) =  
𝜀𝑢

𝜀𝑚
 × 100%  (2),    

where εm is the maximum strain the specimen is subjected to (usually 100% elongation), εu is the 

elongation of the specimen after the load is removed, and εp is the elongation of the specimen after 

the recovery process [1–82–88]. To add an aspect of resiliency to the evaluation of shape memory 
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properties, equations (1) and (2) can be rewritten to include the variable N to include the number 

of cycles a specimen is subjected to [89]: 

𝑅𝑟(%) =  
𝜀𝑚−𝜀𝑝(𝑁)

𝜀𝑚
 × 100%  (3)    

𝑅𝑓(%) =  
𝜀𝑢(𝑁)

𝜀𝑚
 × 100%  (4)    

The characterization of self-healing of polymers can be made by calculating the self-healing 

efficiency, which is calculated by various methodologies, but generally involves the comparison 

of mechanical properties of specimens that have been cut and then healed to control specimens 

[90]. For example, work conducted by Xu et al. [91] involving a shape memory polymer blend 

system of thermoplastic urethane (TPU) and polycaprolactone (PCL) with various amounts multi-

wall carbon nanotubes (MWCNTs) determined the self-healing efficiency by comparing the 

Young’s modulus of control specimens with those that were healed after cutting and following 

facile equation following a methodology as described by Wool and O’Connor [92]: 

𝑅(𝐸) =  
𝐸𝑐𝑢𝑡

𝐸𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒
 × 100%  (5),    

where R(E) is the self-healing efficiency based on Young’s modulus. Following the same concept, 

percent elongation (%El) and ultimate tensile strength (UTS) can also be used to determine the 

self-healing efficiency of a polymer using the following equations: 

𝑅(𝜀) =  
𝜀𝑐𝑢𝑡

𝜀𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒
 × 100%  (6)    

𝑅(𝜎) =  
𝜎𝑐𝑢𝑡

𝜎𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒
 × 100%  (7)    

where ε and σ refer to the %El at break and UTS, respectively [92–93]. Expressing in terms 

of a percent gives a quantifiable metric for determining the ability of a polymeric material to retain 

a given physical property, E, σ, ε, among others, after being subjected to a healing process. 

However, considering the example mentioned above related to the tablet case, damage to a polymer 
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great enough to cause a component to be discarded as waste does not necessitate total breakage, 

rather deformation of a polymer component can render it useless. Therefore, developing a 

parameter based on how well a material can be recovered from various levels of damage is essential 

for understanding the resilience of a polymeric material with shape memory and self-healing 

properties. The work presented here demonstrates the development of a self-healing parameter. 

Three shape memory polymer blends were explored: 1) a SMP blend composed of acrylonitrile 

butadiene styrene (ABS) and styrene ethylene butylene styrene with a maleic anhydride graft 

(SEBS-g-MA) in a 50:50 by weight ratio, whose shape memory properties were originally 

characterized by Chávez et al. [83]; 2) a SMP blend composed of PLA and TPU in a 50:50 by 

weight ratio originally characterized by Quiñones et al. [82]; and 3) a SMP blend composed of 

PLA and SEBS-g-MA also composed by Quiñones et al. [82]. The ability of this material to 

recover from different levels of damage and still retain mechanical properties. The effect of 

manufacturing process on self-healing capability was also explored by comparing specimens that 

were fabricated by the additive manufacturing (AM) process of fused filament fabrication (FFF) 

to those that were manufactured by injection molding (IM). Additionally, we have demonstrated 

the use of various forms of SEBS to be a suitable modifier of rigid polymers in the development 

of FFF-specific feedstock materials [94–98]. 

Materials and Methods 

FILAMENT FABRICATION 

The PLA stock material used in this study was sourced from NatureWorks, LLC (Ingeo 

Biopolymer Grade 4043D, NatureWorks, LLC, Minnetonka MN, USA) in the form of pellets.  The 

specific grade, 4043D, was chosen because it is regarded to be a commercially pure form of PLA 

free of additives such as crystallization promoters or impact modifiers.  The thermoplastic 
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elastomers used in this study, SEBS and TPU, were supplied by Kraton (Grade FG1901-GT, 

Kraton, Houston, TX, USA) and NinjaFlex (Fenner, Inc. Manheim, PA, USA) respectively.  The 

former was acquired in the form of pellets while the latter was in the form of 1.75mm diameter 

filament sold for use in 3D printers.  Stock material for the fourth and final polymer, ABS, was 

supplied by SABIC (grade MG94, SABIC, Pittsfield, MA, USA) in the form of pellets.  In order 

to facilitate blending, the TPU in filament form was pelletized using a Collin Teachline strand 

pelletizer (Collin Lab and Pilot Solutions, Norcross, GA, USA).  Prior to material blending and 

extrusion, all four materials were dried in a compressed air dryer (Dri-Air CFAM Micro-Dryer, 

East Windsor, CT, USA) according to each manufacturer’s recommendations.  Once fully dry, 

three different polymer blends were created using a Collin twin screw extruder (model ZK-25T): 

a 50/50 by weight blend of PLA and SEBS, a 50/50 by weight blend of ABS and SEBS, and a 

50/50 by weight blend of PLA and TPU.  Each of the blends was extruded to a target diameter of 

2.85mm for use in our FFF-type 3D printers.  The extrusion parameters for each blend are shown 

in Table 2.1 below. 

TABLE 2.1  EXTRUSION PARAMETERS FOR EACH POLYMER BLEND.   

Extrusion Parameters (Collin ZK-25T) 

 PLA 4043D/SEBS-g-

MA 

ABS MG94/SEBS-g-

MA 

PLA 4043D/TPU 

Zone 1 (°C) 175 200 180 

Zone 2 (°C) 180 215 185 

Zone 3 (°C) 180 215 185 

Zone 4 (°C) 180 205 185 

Zone 5 (°C) 175 190 180 

Zone 6 (°C) 175 190 175 

Barrel Pressure (bar) 90 90 90 

Barrel Screw Speed 

(RPM) 

16* 12* 14* 

Melt Pump Screw 

Speed (RPM) 

12 12 12 

*Extruder varies the barrel screw speed continuously to maintain the pressure set point of 90 bar.  
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SAMPLE FABRICATION 

Tensile test samples were fabricated according to ASTM D638 Type IV [99] geometry 

using two different methods, FFF-type 3D printing and traditional injection molding.  Samples 

were additively manufactured with a Lulzbot Taz 5 3D printer (Fargo Additive Manufacturing 

Equipment 3D, LLC, Fargo, ND, USA) and injection molded with an LNS Technologies manual 

injection molder and a custom machined ASTM D638 Type IV aluminum mold. (Model 150A, 

LNS Technologies, Scotts Valley, CA, USA).  Samples for analysis via DMA were additively 

manufactured according to the ASTM D4065 [100] standard. Both the additively manufactured 

tensile specimens and the DMA specimens were fabricated with a longitudinal raster pattern where 

the print rasters were parallel with the length of the specimen (Fig. XXX).  All additively 

manufactured tensile samples and DMA specimens were printed with 100% infill. We chose the 

longitudinal raster pattern in particular for the tensile specimens because the direction of applied 

force during the tensile test acts parallel to the raster direction and we have found this raster pattern 

to provide optimal results as compared to other print raster schemes [82–83–101].  The printing 

parameters for each material blend are shown in Table 2.2.  The temperatures at which each 

material was injection molded and at which the aluminum mold was pre-heated are shown in Table 

2.3. 

TABLE 2.2 PRINTING PARAMETERS FOR EACH POLYMER BLEND. 

Printing Parameters (Lulzbot Taz 5) 

 PLA 4043D/SEBS-

g-MA 

ABS MG94/SEBS-

g-MA 

PLA 4043D/TPU 

Nozzle Temperature 

(℃) 
230 250 250 

Bed Temperature (℃) 60 90 60 

Nozzle Diameter (mm) 0.5 0.5 0.5 

Infill Percentage (%) 100 100 100 

Layer Height (mm) 0.2 0.2 0.2 

Printing Speed 

(mm/min) 
1800 1800 1800 
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TABLE 2.3 INJECTION MOLDING PARAMETERS FOR EACH POLYMER BLEND. 

Injection Molding Parameters (LNS Injection Molder) 

 
PLA 4043D/SEBS-g-

MA 

ABS MG94/SEBS-g-

MA 
PLA 4043D/TPU 

Injection 

Temperature (℃) 
200 210 200 

Mold Temperature 

(℃) 
25 55 25 

Preheat Time (mins) 5 5 5 

 

MECHANICAL TESTING 

DMA data was acquired via a PerkinElmer DMA 8000 (PerkinElmer, Waltham, MA, 

USA) using a dual cantilever setup following ASTM D4065 operating parameters and a 

temperature sweep appropriate for each material blend.  The temperature range selected for testing 

needed to encompass the glass transition temperatures of both polymers in each given blend, one 

of which was well below 0°C.  This low temperature was achieved using a liquid nitrogen dewar 

connected to the testing apparatus and controlled by the DMA software. This DMA data was used 

to determine the temperature used for the shape memory recovery process.  The DMA test 

parameters are shown in Table 2.4.  

TABLE 2.4 DMA TESTING PARAMETERS FOR EACH POLYMER BLEND.  

DMA Testing Parameters (PerkinElmer DMA 8000) 

 PLA 4043D/SEBS-g-

MA 

ABS MG94/SEBS-g-

MA 
PLA 4043D/TPU 

Initial Temp (℃) -40 -80 -80 

Final Temp (℃) 110 150 100 

Heating Rate 

(℃/min) 
2 2 2 

Frequency (Hz) 1 1 1 

 

Tensile data for each material system was collected according to the ASTM D638 standard 

using an MTS Tensile Testing Machine with a 10KN load cell and mechanical extensometer.  
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Baseline tensile data was collected for each of the three material blends in both additively 

manufactured and injection molded forms.  In order to evaluate the effect of the shape memory 

recovery process on the tensile strength of each polymer blend, three batches of samples were 

deformed to predetermined percentages of their gauge lengths (25%, 50%, and 100%) and then 

pulled to failure after they had been recovered at elevated temperature.  The results of these tensile 

tests were compiled and a trendline created to fit the change in tensile strength as a function of the 

amount of deformation from which the samples were recovered.   

 

SHAPE MEMORY CHARACTERIZATION 

Shape memory properties were evaluated using methods previously established by 

previous works conducted by our group [82–83–102].  The three batches of five samples were 

pulled in the tensile tester to different amounts of elongation: one batch was pulled to 100% of the 

specified 25mm gauge length, the second batch was pulled to 50% of the gauge length, and the 

final batch was pulled to 25% of the gauge length.  Two separate studies were performed to 

elucidate the effect of dwell time at maximum strain: 1) a group of samples that were promptly 

removed from the tensile tester once the intended amount of elongation was reached; and 2) a 

group of samples that was allowed to dwell at maximum strain for 5 minutes.  For the two different 

groups of dwell time samples, three batches of 5 samples were recovered together in a horizontal 

air flow oven (Model 3.65, VWR International, Radnor, PA, USA) at temperatures determined 

according to the results of the DMA testing for each material blend.  After recovery, the samples 

were then pulled to failure in the tensile tester.  Length measurements were taken before 

deformation, after deformation, and after recovery for shape memory property calculation 

purposes using a precision digital caliper.    
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 Shape memory properties were analyzed by calculating the shape fixation ratio (Rf) 

(Equation 1) and shape recovery ratio (Rr) (Equation 2) were using the following equations 

established in literature [88] 

𝑅𝑓(%) =
𝜀𝑢

𝜀𝑚
× 100   (1) 

𝑅𝑟(%) =
𝜀𝑚−𝜀𝑝

𝜀𝑚
× 100  (2) 

𝑆𝑀𝐼(%) = (𝑅𝑟 × 𝑅𝑓) × 100  (3) 

where εm is the maximum strain to which the samples were subjected, εu is the strain of the 

specimen after the load was removed, and εp is the final strain after being recovered at the 

designated recovery temperature for the polymer blend.  Shape memory index (Equation 3) was 

calculated to help deconvolute the difference between a rubbery material – which will recover its 

original shape well without holding a temporary shape well – and a shape memory material which 

will ideally hold a temporary shape well along with recovering its original shape accurately. 

 

SEM IMAGING 

After mechanical testing, the fracture surfaces of representative samples were analyzed by 

scanning electron microscopy (SEM) using a Hitachi SU-3500 Variable Pressure SEM (Hitachi 

America, Ltd., Santa Clara, CA, USA).  Due to charging of the samples, imaging was performed 

at a pressure of 90Pa either using a backscattered electron detector (BSE) or an ultra-variable 

detector (UVD) at an accelerating voltage between 10-15 kV. 

X-RAY CHARACTERIZATION 

A short study was performed to determine the extent of crystallization in our PLA/SEBS 

blend which occurs during annealing.  Characterization was performed using a Bruker D8 

Discover X-Ray Diffractometer (Bruker Scientific LLC, Billerica, MA, USA) equipped with a Cu 
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K-α (λ = 1.54 Å) source.  Annealing was performed according to previous research performed by 

our group on PLA and PLA-based composites where crystalline peaks are observable on XRD 

after subjecting specimens to an annealing schedule of 120°C for 20 minutes [103–104] 

 

Experimental Results 

INITIAL CHARACTERIZATION 

DMA testing was used in order to determine the temperature for the shape recovery 

processing.  Values obtained during testing were the max tan δ temperature and the glassy onset 

temperature as determined by storage modulus drop off as described in the ASTM D4065 standard 

[105].  In previous work done by this lab glassy onset temperature was used for programming high 

temperature deformation schedules for shape memory samples; however, this study investigates 

room temperature deformation, so the only values of note were the max tan δ values. The DMA 

curves for PLA/SEBS, ABS/SEBS, and PLA/TPU are shown in Figures 2.1, 2.2, and 2.3 

respectively.  As shown in previous studies, exposing the sample to a temperature above that of 

the max tan δ will induce the shape recovery phenomenon.  The results gathered from the DMA 

testing show a max tan δ value of 0.710 at 63.08℃ for the PLA/SEBS blend, a max tan δ value of 

0.810 at 116.23℃ for the ABS/SEBS blend, and a max tan δ value of 0.756 at 63.88℃ for the 

PLA/TPU blend.  As seen in Figure 2.3, there are two peaks in the tan delta curve for the 

PLA/SEBS blend which likely indicates that the two polymers did not mix well.  Previous work 

has shown that PLA and SEBS do not mix well using scanning transmission electron microscopy 

(STEM) imaging to see that there are two distinct phases present in the blend [82].  Recovery 

temperature of 70℃ was selected for both the PLA/SEBS and PLA/TPU blends while a recovery 

temperature of 120℃ was selected for the ABS/SEBS system. 
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Figure 2.3 DMA results for the blend of PLA 4043D and SEBS-g-MA.  
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Figure 2.4 DMA results for the blend of ABS MG94 and SEBS-g-MA. 

 

 

Figure 2.5 DMA results for the blend of PLA 4043D and Ninjaflex TPU. 
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X-RAY CHARACTERIZATION 

Results of the x-ray characterization for the PLA/SEBS blend is shown in Figures XXX 

and the results for the ABS/SEBS blend are shown in Figures XXX.  It is shown that no 

crystallinity was induced via either the strain or the temperature that the samples were subjected 

to.  The spectra look identical in each of the as-printed, elongated, and recovered conditions for 

both polymer blends.  The only crystallization appears in PLA when it has been annealed for 5 

minutes at 120°C [103–104].  The results of this test confirm that the materials are not becoming 

semi-crystalline during the deformation and recovery processes.   
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a)  

b)  

c)  

Figure 2.6 XRD spectra of the PLA/SEBS blend in a) as-printed, b) elongated, and c) 

recovered forms. 
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a)  

b)  

c)  

Figure 2.7 XRD spectra of the ABS/SEBS blend in a) as-printed, b) elongated, and c) 

recovered forms.  
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MECHANICAL TESTING 

PLA 4043D/SEBS-g-MA 

 Additively Manufactured: The blend of PLA 4043D and SEBS-g-MA showed the highest 

average tensile strength in the as printed form with an average of 25.26  ± 0.27 MPa.  It is shown 

that the average tensile strength decreased with increasing amount of deformation from which the 

sample was recovered.  After recovering from 25%, 50%, and 100% elongation the average tensile 

strength dropped to 24.68 ± 1.19, 23.38 ± 2.31, and 21.98 ± 0.61 MPa respectively for the samples 

with no dwell time.  The samples allowed to dwell showed exceptionally similar results with the 

average tensile strength decreasing from 23.43 ± 1.27, to 24.26 ± 4.61, to 21.1 ± 0.54 MPa for 

25%, 50%, and 100% elongation recovery respectively.  Allowing the samples to dwell under load 

at their prescribed amount of deformation did not make a significant difference in the tensile 

strength exhibited. 

 Injection Molded:  Just like the results of the additively manufactured samples, the 

injection molded samples showed their highest average tensile strength in the as fabricated form 

with consistently decreasing values as the amount of deformation from which they were recovered 

increased.  The tensile strength was nearly identical to the additively manufactured samples, only 

differing by ~1 MPa at the most with the highest value occurring for the as-fabricated samples 

with dwell time at an average of 26.4 ± 1.4 MPa.  The rate of decrease in tensile strength with 

increase in deformation amount also mirrored those shown in the 3D printed samples with the 

tensile strength dropping from 24.6 ± 0.95, to 25.9 ± 0.33, to 22.67 ± 2.46 MPa for 25%, 50%, and 

100% elongation respectively.  Dwell time did not make a significant difference in the amount of 

tensile strength which was lost for the varying amounts of deformation.  The batch of samples 

which were not allowed to dwell showed an overall lower tensile strength compared to the ones 
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allowed to dwell.  This difference is likely due to the fact that the batches were fabricated several 

months apart rather than because of the dwell time. The results of the tensile testing for this blend 

are shown in Figure 2.4. 

 

Figure 2.6 Comparison of average tensile strength for all test batches of the PLA/SEBS 

blend. 

 

ABS MG94/SEBS-g-MA 

 Additively Manufactured:  This polymer blend showed very consistent tensile strength in 

its 3D printed form regardless of the amount of deformation from which the samples were 

recovered.  The tensile strength was 20.42 ± 0.41, 20.56 ± 0.22, and 20.3 ± 1.48 MPa for the 25%, 

50%, and 100% deformation batches respectively when the samples were not allowed any dwell 

time.  Considering a baseline tensile strength of 20.32 ± 0.62 MPa, the blend shows an impressive 

ability to maintain its strength even after deformation and recovery.  Interestingly, adding a five-

minute dwell time under load at the prescribed amount of deformation led to a very small increase 

in strength as the amount of deformation increased.  The average tensile strength for the samples 

in this group were 19.23 ± 0.26, 19.43 ± 0.12, and 20 ± 0.59 MPa for the 25%, 50% and 100% 

deformation groups respectively.  Though the strength is increasing along with the amount of 
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deformation recovery, the samples never quite reach their baseline tensile strength indicating that 

the addition of the dwell time may very slightly weaken the samples.   

 Injection Molded:  The injection molded batches of samples, both with and without dwell 

time in the test schedule, showed a very consistent average tensile strength as the amount of 

deformation from which they were recovered increased.  The average tensile strength for the 

samples without dwell time was just slightly lower than that of the baseline tensile strength 

exhibited by the as-fabricated samples: 22.32 ± 0.07 MPa.  The batch of samples that were not 

allowed to dwell showed an average tensile strength of 21.82 ± 0.07, 21.7 ± 0.24, and 21.74 ± 0.40 

MPa for the 25%, 50%, and 100% deformation groups respectively.  The batch of samples which 

were allowed to dwell for five minutes at load showed an average tensile slightly lower than that 

of both the baseline and no-dwell samples.  The average tensile strength was 21.56 ± 0.40, 21.3 ± 

0.08, and 20.73 ± 1.51 MPa for the 25%, 50%, and 100% deformation groups respectively.  This 

shows a very slight downward trend for the tensile strength as the amount of deformation 

increased.  This batch of samples was the only one for this blend of polymers which showed this 

trend in a significant way.  Shown below in Figure 2.5 are the results of the tensile testing for this 

polymer blend.  
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Figure 2.7 Comparison of average tensile strength for all test batches of the ABS/SEBS 

blend.  
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shows a dramatic increase in overall tensile strength with the addition of dwell time to the test 

schedule.   

 Injection Molded:  Injection molding this blend of polymers gave very inconsistent results.  

The first batch of blended material was used to create the samples which would not be allowed to 

dwell under load.  Unilaterally, these samples ruptured well before reaching their prescribed 

amount of deformation.  The second batch of material was blended and fabricated into test samples 

with the exact same batches of material 4 months after the first was done.  However, this batch of 

samples was able to reach their prescribed amount of deformation without issue and showed 

greatly increased average tensile strength along with a trend of increasing strength with increasing 

amount of deformation recovery as compared to the 3D printed counterparts.  The injection molded 

samples allowed to dwell showed an average tensile strength of 36.16 ± 0.87, 40.63± 1.96, and 

44.26 ± 2.03 MPa for the 25%, 50%, and 100% deformation groups, respectively.  The baseline 

tensile strength for this polymer blend in the as-fabricated condition was 32.42 ± 1.32 MPa which 

is less than any of the samples which were subjected to the shape memory recovery test.  

 A bar graph comparing the average tensile strength of this polymer blend in both 

fabrication methods at all amounts of deformation is shown in Figure 2.6. 
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Figure 2.8 Comparison of average tensile strength for all batches of the PLA/TPU blend.  

 

Comparison of Blends and “Self-Healing Parameter” 

 In this study, four different polymers were combined in three different blends and 

fabricated into test specimens via two different methods.  Each polymer blend performed uniquely 

in terms of mechanical properties and shape memory properties.  The best performer in terms of 

raw tensile strength, regardless of whether the samples were deformed and recovered, was the 

PLA/TPU blend in the injection molded form after recovering from 100% deformation with a five-

minute dwell time under load.  Right behind that combination of polymers, fabrication method, 

and dwell time are all of the PLA/SEBS blends except the no-dwell injection molded samples as 

well as the 3D printed PLA/TPU blend with dwell time.  The ABS/SEBS polymer blend had the 

lowest average tensile strength across all batches but was also the most consistent with the lowest 

value being 19.23 ± 0.26 MPa and the highest being 21.82 ± 0.07 MPa.  This blend showed the 

least sensitivity to recovery from deformation of all the blends by far.   

 Possibly the most significant result from this study is the development of a measurable 

mechanical property we are calling the “self-healing parameter.”  This parameter is calculated by 

averaging the tensile strength of each group of samples and plotting those values as points on a 

graph with the y-axis being tensile strength and the x-axis being the percent elongation from which 

the group of samples was recovered.  Next, plotting a line of best fit to those points gives a linear 

equation describing the change in strength vs percent deformation recovered.  The slope of this 

line being negative indicates a reduction in average tensile strength as the samples are exposed to, 

and recovered from, greater amounts of deformation.  The slope being positive indicates the 

opposite: an increase in strength as the deformation amount increases.  Provided that the line of 
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best fit matches the data set well by having an R2 value close to 1 or 0, the y-intercept of the line 

will be nearly the same as the baseline tensile strength.  

In order to create a unitless value for this parameter, we divide the slope of the line, m, by 

the y-intercept, b, while assuming the value of x to be equal to 1.  The result is a value which 

indicates the percent of baseline tensile strength which is lost when deformed to 100% of the gauge 

length and recovered for 5 minutes at the established recovery temperature.  This value was 

calculated for each of the polymer blends for both manufacturing methods both with and without 

dwell time, the results of which are shown in table 2.5. 

TABLE 2.5 COMPARISON OF HEALING PARAMETERS FOR EACH TEST BATCH. 

  
Line of Best Fit 

R2 

Value 

Healing Parameter 

(m/y) 

PLA/SEBS 

3D y = -3.3897x + 25.308 0.983 -13.39 

3D Dwell y = -3.7657x + 25.16 0.8216 -14.97 

I.M. y = -2.1051x + 19.696 0.6311 -10.69 

I.M. Dwell y = -3.2834x + 26.344 0.7055 -12.46 

ABS/SEBS 

3D y = -0.0274x + 20.412 0.0097 -0.13 

3D Dwell y = -0.0571x + 19.77 0.0023 -0.29 

I.M. y = -2.1051x + 19.696 0.6311 -10.69 

I.M. Dwell y = -1.4949x + 22.134 0.9339 -6.75 

PLA/TPU 

3D y = -17.003x + 26.364 0.7648 -64.49 

3D Dwell y = -2.0526x + 27.808 0.1168 -7.38 

I.M. - - - 

I.M. Dwell y = 11.841x + 33.192 0.9566 35.67 

 

This healing parameter value can be interpreted as a larger number being more favorable.  

If the healing parameter is negative then the material loses strength as deformation recovery is 

increased and the magnitude of that value indicates the rate at which strength is lost.  If the healing 

parameter is zero then the tensile strength of the material is unaffected by the deformation and 

recovery process.  If the healing parameter is positive then the tensile strength of the material 

increases as the amount of deformation recovered increases.  For the purposes of evaluating the 

ability of a material to maintain its strength after deformation and recovery, a higher number 
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indicates better performance than a lower number.  By comparing these values, a trend appears for 

each blend.  The PLA/SEBS blend performs better on average when the sample is allowed to dwell, 

regardless of the manufacturing methods.  However, both manufacturing methods showed a 

negative healing parameter in all cases with only minor variation in magnitude with the highest 

being -10.69 in the injection molded form without dwell time and the highest being -14.97 in the 

3D printed form with dwell time.  The ABS/SEBS showed an interesting contrast in performance 

between manufacturing methods.  The 3D printed sample groups have nearly the same healing 

parameter of barely below 0 whether or not they were allowed to dwell.  While the 3D printed 

samples showed no loss of strength after deformation and recovery, the injection molded samples 

showed a consistent decrease in strength with the no-dwell samples faring slightly worse than the 

dwell samples with values of -10.69 and -6.75 respectively.  The PLA/TPU blend was the only 

sample group with a positive healing parameter value as well as the greatest range of healing 

parameters between sample groups. The 3D printed sample groups varied greatly between the 

dwell and no-dwell samples with values of -7.38 and -64.49 respectively.  These values show a 

major sensitivity to dwell time in terms of retained tensile strength after deformation recovery for 

the 3D printed samples.  The one batch of injection molded samples show the only positive healing 

parameter for this study with a high value of 35.67.  This is the only sample group to show an 

increase in strength with increasing amount of deformation from which the samples were 

recovered. 
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Figure 2.9 Comparison of the healing parameters for all test batches 

 

Figure 2.9 shows a bar graph with the healing parameter for each test batch which allows 

the performance trends to be seen very easily.  It is easily seen that the PLA/SEBS test batches 

were the most consistent in performance with dwell time being the most important variable.  The 

blend of ABS/SEBS shows an easily observable pattern in which the injection molded samples 

performed worse than the 3D printed samples.  Lastly the PLA/TPU blend deserves more 

investigation into its performance seeing as it has the largest range of healing parameters.   

SHAPE MEMORY CHARACTERIZATION 

The calculated results of the shape memory characterization study are shown for each 

blend in tables 2.6, 2.7, and 2.8. 
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The blend composed of PLA and SEBS-g-MA in a 50/50 by weight ratio exhibited the 

highest fixation ratio of all the blends with the highest being in the 3D printed form and subjected 

to a dwell time of 5 minutes at the prescribed amount of strain.  For the 3D printed samples, the 

addition of the 5-minute dwell time led to a significant increase in fixation ratio which decreased 

in magnitude with an increase in deformation amount.  The recovery ratio of this blend in 3D 

printed form showed a negligible change across both fabrication methods whether or not the 

samples were allowed to dwell.  The vast majority of the samples had a recovery ratio slightly over 

100% indicating a small amount of over-recovery, or shrinkage, occurring during the recovery 

process.  Because the shape memory index is calculated using the fixation and recovery ratios, the 

addition of dwell time caused all the samples to show an increase directly proportional to that of 

the fixation ratio.   

TABLE 2.6 SHAPE MEMORY PROPERTY CALCULATION RESULTS FOR ALL BATCHES OF THE 

PLA/SEBS BLEND.  

 

 

Fixation 

Ratio

Recovery 

Ratio

Shape 

Memory Index

Fixation 

Ratio

Recovery 

Ratio

Shape 

Memory 

Index

Fixation 

Ratio

Recovery 

Ratio

Shape 

Memory 

Index

3D 81.66 100.95 82.44 83.50 100.43 83.86 87.34 100.24 87.55

3D DWELL 88.91 101.23 90.00 88.37 100.57 88.87 90.08 100.29 90.29

I.M. 60.58 100.36 60.80 69.41 100.10 69.48 74.26 99.96 74.23

I.M. DWELL 81.71 100.39 82.03 85.57 100.10 85.66 86.56 99.99 86.66

PLA/SEBS Shape Memory Properties

100 Percent50 Percent25 Percent
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a) 

 

b) 

 

  

Figure 2.10 Comparison of a) fixation ratio vs deformation recovery and b) recovery ratio 

vs deformation recovery for all batches of the PLA/SEBS blend. 

 

Figure 2.11 Comparison of shape memory index (SMI) vs deformation recovery for all 

batches of the PLA/SEBS blend.  

 

The worst performing batch of samples for this material blend was the injection molded 
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subjected to dwell time.  The recovery ratio was just over 100% for all the samples except the ones 

deformed to 100% of their gauge length; these were just under 100% and showed nearly perfect 

dimensional recovery.  Due to the exceptionally poor fixation ratio, the shape memory index was 

also very low for the injection molded samples without dwell time.  The best performing batch of 

samples in the context of these shape memory properties was the 3D printed with dwell time batch.   

ABS MG94/SEBS-g-MA 

 Beginning with the 3D printed samples, there is a noticeable and significant improvement 

in the fixation ratio for the samples that were allowed to dwell under load at their maximum 

prescribed strain of 25% for 5 minutes.  The fixation ratio was nearly identical for the samples 

which were stretched to 50% of their gauge length and, contrary to the 25% samples, the fixation 

ratio decreased very slightly when dwell time was added for the samples which were stretched to 

100% of their gauge length.  There was no difference in the recovery ratio between the sample 

batches regardless of dwell time or deformation amount and all the samples had the tendency to 

over-recover and end up with a final length just slightly shorter than they were as printed.  The 

shape memory index increased significantly for the 25% samples and very slightly decreased for 

the 50% and 100% samples.     

Table 2.7 Shape memory property calculation results for all batches of the ABS/SEBS 

blend.  

 

 

Fixation 

Ratio

Recovery 

Ratio

Shape 

Memory 

Index

Fixation 

Ratio

Recovery 

Ratio

Shape 

Memory 

Index

Fixation 

Ratio

Recovery 

Ratio

Shape 

Memory 

Index

3D 40.03 101.84 40.77 48.99 100.84 49.41 58.02 100.39 58.25

3D DWELL 45.07 101.43 45.71 48.27 100.70 48.60 56.18 100.27 57.11

I.M. 37.95 101.76 38.62 48.62 100.79 49.01 60.71 100.25 60.86

I.M. DWELL 49.12 101.97 50.09 56.03 101.01 56.60 65.42 100.45 65.80

25 Percent 50 Percent 100 Percent

ABS/SEBS Shape Memory Properties
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a) 

 

b) 

 

Figure 2.12 Comparison of a) fixation ratio vs deformation recovery and b) recovery ratio 

vs deformation recovery for all batches of the ABS/SEBS blend. 

 

 

Figure 2.13 Comparison of shape memory index (SMI) vs deformation recovery for all 

batches of the ABS/SEBS blend.  

 

The injection molded samples showed a similar trend to the 3D printed samples but with 

more consistency.  The fixation ratio of the samples increased for all batches subjected to dwell 
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time but at a decreasing rate with increasing deformation amount.  The fixation ratio increased by 

12% for the 25% samples, 8% for the 50% samples, and 5% for the 100% samples. Just like the 

PLA/SEBS blend, the recovery ratio for these samples stayed the same regardless of dwell time or 

deformation amount and the values mirror those of the 3D printed samples.  These results lead to 

an overall increase in shape memory index directly proportional to the increase in fixation ratio 

for each blend.   

 

PLA 4043D/TPU 

This polymer blend, much like the PLA/SEBS blend showed a significant improvement in 

fixation ratio when the dwell time was added to the testing schedule for the 3D printed samples.  

This improvement in fixation ratio was very similar in magnitude for all three deformation 

amounts with an average of 6% increase.  The recovery ratio was nearly identical for both batches 

of 3D printed samples indicating that the ability for the samples to recover their original shape was 

not affected by the dwell time.  The shape memory index increased proportionally to the increase 

in fixation ratio experienced by all the 3D printed samples.   

Table 2.8 Shape memory property calculation results for all batches of the PLA/TPU 

blend. 

 

 

Fixation 

Ratio

Recovery 

Ratio

Shape 

Memory 

Index

Fixation 

Ratio

Recovery 

Ratio

Shape 

Memory 

Index

Fixation 

Ratio

Recovery 

Ratio

Shape 

Memory 

Index

3D 74.94 100.19 75.09 76.02 99.96 75.98 80.02 99.86 79.90

3D DWELL 80.91 100.30 81.15 83.73 99.99 83.73 85.36 99.91 85.93

I.M. DWELL 86.72 99.90 86.63 88.72 99.76 88.50 87.86 99.64 87.43

100 Percent25 Percent 50 Percent

PLA/TPU Shape Memory Properties
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a) 

 

b) 

 

Figure 2.14 Comparison of a) fixation ratio vs deformation recovery and b) recovery ratio 

vs deformation recovery for all batches of the PLA/TPU blend. 

 

 

Figure 2.15 Comparison of shape memory index (SMI) vs deformation recovery for all 

batches of the ABS/SEBS blend. 

 

Every sample in the first batch of injection molded samples, intended to be tested without 

any dwell time at load, ruptured well before reaching the prescribed amount of strain.  This lack 
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of ductility lead to an inability to obtain shape memory data for this blend at that time.  The second 

batch of injection molded samples, to be used for testing with a five-minute dwell time at load, 

showed significantly more ductility and all samples were able to achieve their prescribed amount 

of strain.  These samples showed the best shape memory properties for this blend.  The injection 

molded samples allowed to dwell showed an increase in fixation ratio over both 3D printed sample 

batches at all amounts of deformation.  The recovery ratio also was the same across both 

fabrication methods regardless of dwell time.  Just like the 3D printed samples, these showed an 

increase in their shape memory index proportional to fixation ratio improvement 

SEM FRACTOGRAPHY 

The results of the SEM fractography were mostly as expected for polymer blends 

composed significantly of rubbery materials with the exception being the first batch of injection 

molded PLA/TPU samples which all failed well before the lowest amount of prescribed strain.  

Beginning with the PLA/SEBS blend manufactured via 3D printing, the fracture surfaces 

are very similar between the baseline (no shape memory processing) and the recovered samples.  

The recovered samples show a more uniform fracture surface and more easily distinguishable 

voids between the deposited filament on each layer.  The interbead voids are very small which 

indicates that the print parameters are very well optimized because the individual beads have fused 

together well.  Both un-recovered and recovered samples showed ductile fracture surface evidence 

which is expected with the presence of SEBS-g-MA.  The injection molded samples of PLA/SEBS 

showed significant shrinkage in the center of the volume of the gauge section resulting in a large 

cylindrical void as seen in Figure 2.14.  This large void is present whether or not the sample was 

tested as manufactured or after being subjected to the shape memory processing.  For both sample 

batches, the fracture surface nearest to the void in the center shows much more ductile failure with 
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greater deformation as compared to the surfaces nearer to the outside surface of the sample.  The 

contrast in fracture evidence between the inner and outer volume of the sample shows a common 

phenomenon of injection molding where the material nearest the mold wall cools down faster than 

the material in the center.  

 

 

Figure 2.16 SEM image showing hollow core of gauge length in injection molded 

PLA/SEBS sample.  

 

 

 The ABS/SEBS blend showed very consistent fracture surfaces in both manufacturing 

methods with a predominance of ductile failure features.  The as-printed sample shows slightly 

more deformation than the recovered sample which shows the interbead voids much more clearly.  
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The fracture evidence is as-expected for this polymer blend with mostly ductile evidence without 

extensive deformation. The injection molded samples show a fracture surface consisting of ductile 

fracture evidence and the presence of fibrils in the rupture areas as seen in Figure 2.15.  The 

injection molded sample which was exposed to the shape memory testing exhibits some skin effect 

which presents itself as voids that run parallel to the mold walls and along the outer diameter of 

the sample gauge length as shown in Figure 2.16.   This skin effect can be attributed the difference 

in cooling rate of the materials near the mold walls versus at the center.  

 

Figure 2.17 SEM image showing fibrils in the rupture area of an injection molded 

ABS/SEBS sample.  
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Figure 2.18 SEM image showing the voids along the outer diameter of the gauge length of 

an injection molded ABS/SEBS sample.  

 

 The last blend, PLA/TPU, shows very different fracture surface features between the 3D 

printed and the injection molded samples.  The 3D printed samples show significant delamination 

between the layers of polymer and a great degree of deformation.  These features are characteristic 

of a ductile fracture surface which is to be expected as this blend is 50% thermoplastic 

polyurethane by weight.  There is very little difference in the fracture surface features between the 

samples that were tested as-printed and the samples that were subjected to the shape memory 

testing.  The combination of the significant amount of plastic deformation and the presence of 

fibrils in the fracture surfaces indicate a ductile failure of the material.  The batch of injection 

molded samples which was manufactured first and failed to test well due to lack of ductility shows 
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a very interesting fracture surface with evidence that may explain the poor test performance.  The 

fracture surface shows almost 100% large fibrils that all appear disconnected from each other as 

seen in Figure 2.17.  These features can be evidence for the possibility of the material absorbing 

moisture in the time between when it was dried before fabrication and when it was tested.  PLA is 

hygroscopic and will absorb moisture from the air over time leading to a reduction in mechanical 

properties[54].  This batch of samples went the longest time between material drying and testing 

giving both hygroscopic materials in the blend plenty of time to absorb water and have their 

polymer chains broken leading to lower molecular weight and the performance exhibited in 

mechanical testing. 

 
Figure 2.19 SEM image of the fracture surface from an injection molded PLA/TPU sample 

which failed to test well due to lack of ductility.  
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Conclusions 

Mechanical properties of shape memory polymers are significantly affected by the amount 

of deformation from which they recover their shape.  The results of this project attempts to create 

an objective metric by which we can evaluate the effect of shape memory recovery on the tensile 

strength of polymers.  The results show that this effect varies depending on the materials used and 

their processing.  The ABS/SEBS blend showed nearly no loss of strength in the 3D printed form 

after being recovered from varying amounts of deformation while the injection molded samples 

did show a decrease in average tensile strength.  This shows a sensitivity to the manufacturing 

method of the samples for this polymer blend.  The opposite is true of the PLA/SEBS blend in that 

it shows no sensitivity to manufacturing method but rather a sensitivity to whether or not the 

sample was allowed to dwell under load during deformation.  The PLA/SEBS blend shows a worse 

healing parameter when dwell time is included in the test schedule and a better performance when 

there is no dwell time.  However, dwell time had a significant effect on the shape memory 

properties of the blends, most noticeable by improving the fixation ratio across the board.  The 

PLA/SEBS performed the best in shape memory characterization but not the best in healing 

parameter while the opposite is true of the ABS/SEBS blend which did not perform well as a shape 

memory polymer but performed very well in terms of healing parameter, particularly in the 3D 

printed form.   

We can conclude from this study that good shape memory polymers don’t necessarily make 

good self-healing parameter and vice-versa.  Shape memory polymer research must continue in 

earnest so that we may quell the ever-increasing amount of polymer waste we generate as a 

civilization.  I believe that evaluating materials by their healing parameter can be very useful in 

developing polymer systems which make products with significantly longer lifespans thanks to 

their ability to sef-heal.  
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