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3. Abstract 

The purpose of this work is to incorporate additive manufacturing technology (AM) in the 

development of shape memory polymer blends. Two polyester blend systems were 

developed, one binary and the other ternary. The binary blend consisted of 

polycaprolactone (PCL) and thermoplastic polyurethane (TPU) and the ternary blend was 

composed of PCL, TPU and polylactic acid (PLA). Test specimens were fabricated with 

the AM technology of fused filament fabrication (FFF). Several tests were performed to 

characterize the mechanical and shape memory properties.  A dynamic mechanical 

analyzer (DMA) was first used to establish the shape recovery temperature. Tensile 

testing was carried out to determine the ultimate tensile strength (UTS) an % elongation 

(%El) values. Tensile testing was also used to determine the critical shape memory 

[properties, namely the shape recovery ratio (Rr) and shape fixation ratio (Rf). A key 

aspect of this work also involves the emerging materials science premise of high entropy 

materials and demonstrates how ternary blends can open the way for high entropy shape 

memory polymers.  The shape memory performance of the two blend systems is also 

compared.  This work also explores the self-healing capability of TPU/PCL and 

TPU/PCL/PLA blend systems. Additionally, the effect of raster pattern on the mechanical 

and shape memory properties is also made. Scanning electron microscopy (SEM) was 

used to perform fracture surface analysis and a difference between material type and 

raster pattern was also made.  
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1. Chapter 1: Introduction 

Shape memory polymers (SMP)s have the ability to recover their original shape 

after a stimulus is applied. This stimulus could be heat, force, electric impulse etc. In the 

case of heat-activated SMPs temporary shape can be obtained when the specimen is 

deformed and then recovered by heating it above its glass transition temperature (Tg) [1]. 

Interest in shape memory polymers has increased over the past few years and its 

applications has been applied in different fields such as aerospace, biomedical and 

automotive since the late 1990s and its applications from wound sutures to aerospace 

components have increased since then [2] [3]. When SMPs are combined with  additive 

manufacturing (AM), also referred to as 3D Printing, the terminology “4D Printing” is 

sometimes used [1,4]. This combination of advanced materials and advanced 

manufacturing platforms allows the obtention of different shapes for almost every 

application in a lot of fields in the industry [3] [5]. 

Polycaprolactone (PCL) and thermoplastic polyurethane (TPU) both have shape 

memory properties on their own [6] however, there is not a large body of work in literature 

pertaining to blends composed of these two constituents. Work performed by Wang et al. 

explored aspects of PCL/TPU blends and their potential as shape memory polymers and 

ability to act in a similar manner such as metal shape memory alloys. [7]. In addition, this 

work addresses the importance of high entropy polymer blends using PCL and TPU 

combined with polylactic acid (PLA) in the creation of a ternary blend. These materials 

were chosen as blend constituents because PLA, TPU and PCL are polymers that can 

be blend easily without the necessity of involving solvents or chemical compatibilizers [8] 

due to similarities in the Hildenbrand solubility parameter (δ) [4] and similarities in their 
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molecular structure (they are all long chain polyesters). PCL and TPU have a wide variety 

of applications for example they are used as self-knotting sutures [9] and blends 

composed of PCL and TPU combined with additives in order to enhance their properties. 

One of the additives that has been added is multi-wall carbon nanotubes (MWCNT)s [10] 

where it was found that the addition of MWCNTs allowed shape memory and self-healing 

functionality upon the exposure to ultraviolet light. Polylactic acid (PLA) is one of the most 

common polymers used for additive manufacturing and have a wide applications range 

this polymer can be used for printing at home to even print scaffolds for cell growth due 

to its biocompatibility [11] [12]. Usually when PLA is added to PCL the resultant 

mechanical properties are improved and according to Ebrahimi et al. [13], the local 

acidification is reduced hence the inflammatory response as well when used in tissue 

engineering applications. 

The premise of polymer high entropy blends (HEB)s comes from the same concept 

of high entropy metal alloys (HEA)s, and example of which was demonstrated by Yeh et 

al. in 2004 [14] where more than two metals are combined in order to improve its 

properties. Haase, et al. [15] used 3D printing technology to create a high entropy alloy 

using Co-Cr-Fe-Mn-Ti and used the laser metal deposition technique, Selective Laser 

Melting (SLM), to manufacture the alloy and showed an improvement in the properties of 

the already existing alloys . There are other attempts to increase the knowledge in the 

field of HEA’s such as work performed by Popov, et al. [16], who fabricated components 

from Al0.5CrMoNbTa0.5 using electron beam melting (EBM) technology, but couldn’t 

achieve a homogeneous microstructure. However, the work of Popov, et al. was an 

important advancement for the upcoming technology due to it demonstrate that a multi-
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constituent alloy can be used for additive manufacturing but would need a post processing 

to reduce the defects caused by the manufacturing process; hence, it set a precedent.  

The combination of different types in the creation of a high entropy polymer blend 

(HEPB) has been demonstrated in literature, but there is currently not a large body of 

work. A noteworthy example was demonstrated by Huang et al. [17] who combined 5 

types of polymers that were dissimilar, polystyrene (PS), poly(methyl methacrylate) 

(PMMA), polycarbonate (PC), polyvinylpyrrolidone (PVP,), and polyisoprene (PIP) using 

a solvent. Key aspects related to the difficulties in creating HEPBs were pointed out in 

this work, such as “de-mixing of polymers” due to a decrease in heat of mixing that trends 

linearly with the number of constituents [17]. Melt compounding of binary, ternary, and 

quaternary polyamide blends was demonstrated by Hirai, et al. [18] where mixing of the 

materials was facilitated by an exchange reaction between the individual blend 

constituents.   

In the work here we rely upon similarities in polymer characteristics to facilitate 

blending.  PLA was made to the PCL and TPU blend in order to create ternary blend 

which could be considered as a HEB as the constituents were added in equal amounts. 

The blend was evaluated for its shape memory properties and its self-healing effect.  Self-

Healing effect is the capability of a material to recover from physical damage [19] which 

usually comes along with the SME [20] [21]. PLA was picked due to its solubility 

parameter which ranges between 20.7 and 19.9 20 MPa1/2  [22] while PCL varies from 

15.8 to 21.2 [23] and the solubility parameter for TPU is in the order of 20 MPa1/2 [24] . 

As mentioned above, in addition to similar solubility parameters, all three materials 

studied in this work are long chain linear polyesters.  
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Shape memory properties can be quantified using different formulas to calculate 

the critical parameters, fixation ratio (Rf), the ability of a material to hold a temporary 

shape,  and shape recovery ratio (Rr) the ability of a material to return to the permanent 

or “programmed” shape. These parameters are calculated with the following equations 

[4] [1] [25]. 

𝑅𝑓(%) =  
𝜖𝑢

𝜖𝑚
 × 100 %                                                                                  (1) 

𝑅𝑟(%) =  
𝜖𝑚− 𝜖𝑝

𝜖𝑚
 × 100 %                                                                            (2) 

 

Where ϵm is the maximum strain that the specimen can achieve when is pulled to 

its 100 % of its own length, ϵu is the elongation of the specimen after the specimen is 

unloaded from the tension that was applied, and ϵp is the elongation after recovery 

process which can be different stimuli whether is heat, electromagnetic, moisture etc. 

[25]. Previous work conducted by our group has involved several melt-compounded 

shape memory polymer blends. Work by Chávez et al. [1] performed a full property and 

microstructural characterization of a blend system composed of acrylonitrile butadiene 

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

(SEBS-g-MA) and proved by way of scanning transmission electron microscopy (STEM) 

that the phases were aligned by the FFF process and that this alignment had an influence 

on the shape memory properties. Further work conducted by Quiñones, et al. [4]  

characterized the shape memory properties of a PLA/TPU blend as well as a PLA/SEBS-

g-MA blend and compared the effect of the fabrication method of fused filament 

fabrication (FFF) to injection molding on shape memory properties and found that the FFF 

process positively influenced shape memory performance, most likely due to the phase 
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alignment. It is important to note that the ABS/SEBS-g-MA blend and the PLA/SEBS-g-

MA blend were immiscible due to differences in miscibility parameter and their blending 

was facilitated by the maleic anhydride graft. On the other hand, PLA and TPU have 

similar structures and miscibility parameters and we proved that though two phases were 

observed, that these phases were more interspersed with uniform domain sizes as 

compared to either ABS/SEBS-g-MA or PLA/SENS-g-MA [4,26]. We have documented 

in other works that using the FFF process to align the phases in a direction parallel to the 

direction of applied stress provides optimum shape memory performance in terms of the 

shape memory properties, namely Rr and Rf [1,4,25,27].  

 The self-healing effect was also observed during this research. The concept of 

self-healing is similar to the shape memory process where shape recovery can be a 

component of the healing process. An analogy is the recovery from physical damage by 

biological organisms. In nature,  this process is usually slow, for example human skin self-

heals via cell growth however, self-healing can also occur in synthetic polymers [28] as 

we have observed here. This effect has a wide variety of applications such as soft 

robotics, microelectronics and biomedicine. The healing ability of PCL, stems from its low 

melting temperature, according to Bhattacharya et al. [29], which allows PCL or the PCL 

phase in a mixture to reflow and essentially act as an adhesive, thus repairing damage. 

The self-healing effect in polymers is generally facilitated by a thermal effect due to the 

increased temperature allowing a more rapid relaxation of the polymer chains and this 

enables the fibers rearrange to their original state [30]. This effect can occur with different 

stimulus such as photo-induced healing, recombination of chain ends, molecular 
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interdiffusion, and thermally reversible crosslinked polymers [31]. These properties are 

important due to the loss of structural capacity or functionality overtime [32]. 

Self-healing efficiency (R) can be defined based on a variety of physical properties 

and comparing “healed” to pristine specimens in a ratio equation as was demonstrated 

by Wool and O’Connor [33]. The physical property can be Young’s Modulus (E), percent 

elongation (ε) or ultimate tensile strength (σ): 

𝑅(𝐸) =  
𝐸𝑐𝑢𝑡

𝐸𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒
 × 100%  (3)    

𝑅(𝜀) =  
𝜀𝑐𝑢𝑡

𝜀𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒
 × 100%  (4)    

𝑅(𝜎) =  
𝜎𝑐𝑢𝑡

𝜎𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒
 × 100%  (5)    

Shape memory and self-healing properties are important due to the constant plastic 

pollution that affects the environment. A positive environmental effect could be realized 

by implementing polymer materials could be easily repaired rather than thrown away and 

replaced with another polymer component [34]. The realization of waste reduction would 

then be two-fold as you would not create waste by throwing a component away and you 

would also not create future waste by replacing the damaged part.  

According to Liu and Chuo, [35] self-healing polymers can be categorized in two 

groups “Autonomous” and “Stimuli-responsive” the autonomous category usually only 

happens once while the stimuli-responsive can be performed repeatedly. Besides there 

are other techniques where different agents can be added to the blend in order to increase 

that properties [19]. However, Bode et al. also categorized self-healing polymers into 

Extrinsic self-healing that is based on the presence of intentionally added discrete micro 

encapsulated healing agents and intrinsic healing where is related to the chemical 
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modification of the polymer base and make it capable of restoring chemical bonds across 

the damage site [36] [37] [38] [39]. As previously discussed, there are more applications 

to this effect in the biomedical field where PLA plays a major role as demonstrated by 

Gupta et al. [40] who demonstrated using a PLA scaffold to regenerate a meniscus tissue 

with carbohydrate based self-healing interpenetrating network hydrogel.  

The work demonstrated here utilizes melt compounding to binary and ternary blends. 

The materials used, PLA, PCL, and TPU are all biocompatible and could potentially be 

used in biomedical applications. The comparison between the blends will be to look for 

the blend that has more elongation and ultimate tensile strength. The key research 

questions to be answered by this work are: 

1) What is the optimum ratio of TPU and PCL in a binary blend? 

2) How does the addition of PLA in the creation of a ternary blend impact the 

mechanical and shape memory properties? 

3) Do these new material systems have self-healing capabilities? 
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2. Chapter 2: Materials and Methods  

 The binary and ternary polymer blends were created through the process of melt 

compounding using a Collin twin-screw extruder-compounder (Model ZK 25-T, Collin Lab 

and Pilot Solutions, Norcross, GA, USA) equipped with a melt pump and belt puller. 

Filaments were extruded with a target diameter of 2.85 mm in order to be compatible with 

the FFF machine used in this study. The extrusion parameters are tabularized in Table 

2.1.  The binary blend was a combination of TPU and PCL and the ternary blend was 

composed of TPU, PCL, and PLA in equal weight ratios. The PLA used in this work was 

obtained from NatureWorks, LLC (Ingeo Biopolymer Grade 4043D, NatureWorks, LLC, 

Minnetonka MN, USA) in pellet form. The TPU used in this work was obtained from 

NinjaTek (Fenner Precision Polymers, Lititz, PA, USA) and was received in filament form 

which was later pelletized using a Collin strand pelletizer (Model SP1 Collin Lab and Pilot 

Solutions, Norcross, GA, USA). The PCL used in this work was obtained from Polly 

Plastics (Midland, MI, USA) and was received in pellet form. Prior to processing, the PLA 

was dried for 2 hours at 50 °C with air using a compressed air dryer (Micro Dryer CAFM 

station, Dri-Air Industries, East Windsor, CT, USA). After that, the specimens were 

fabricated using the FFF manufacturing process with a Lulzbot Taz 5 (Lulzbot, Fargo, 

North Dakota, USA) with a 0.5 mm diameter nozzle following the machine parameters 

that are listed in Table 2.2.Table 2.1: Extrusion Parameters in °C. The experimentation 

process steps can be seen in the following diagram Figure 2.1. 

 

Figure 2.1: Process Steps. 
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There were three types of specimens printed for the testing procedure, the dog 

bone-type tensile specimen was based on the ASTM D638 [41] Type V and type IV 

geometry and was used for the tensile testing process and the 3rd type was a dynamic 

mechanical analysis sample (DMA) used for the DMA testing. In Figure 2.2.2 the tensile 

samples type IV and type V are shown. 

 
Figure 2.2. Tensile specimens a) Type V and b) Type IV. 

 

Initial experiments focused on the development of the binary blend in terms of 

weight ratio of each constituent (75 % PCL 25 % TPU, 50 % PCL 50 % TPU, 25 % PCL 

75 % TPU). As the ternary blend is intended to be treated as a high entropy blend, only 

equal parts (by weight) of PLA, PCL, and TPU were studied.  The various combinations 

are tabulated in Error! Reference source not found..  The temperature parameters for 

extrusion were determined based previous studies found in literature [9] [42] [43]. 

Different types of cooling were needed, air and water cooling, since the stickiness of the 

PCL made it difficult to extrude and spool. The sample 75 PCL 25 TPU was the blend 

that needed water to cool. The difference between the HEB and the binary blends were 

observed in this process due to the extrusion being more stable in the HEB. The FFF was 

conducted with the parameters obtained in AMFG [44] that can be seen in Table 2.2. Two 

print raster patterns were used, a longitudinal raster pattern where the print raster’s are 
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in the direction of the length of the specimen and an alternating crisscross pattern where 

the print raster alternated by 45° for each layer (Figure 2.3). The initial testing of the 

ternary blends only involved the longitudinal raster pattern as we chose the best 

performer in terms of tensile testing for further shape memory property testing. As will be 

seen the best performing binary blend was the 50/50 by weight ratio blend of PCL and 

TPU. The printed samples were stored zip bags with desiccant to avoid any hygroscopic 

damage due to moisture [45]. 

Table 2.1: Extrusion Parameters in °C. 
Blends  Zone 1   Zone 2  Zone 3  Zone 4  Zone 5  Zone 6  Cooling Method  

75 PCL 25 TPU  155 °C 170 °C 170 °C 170 °C 170 °C 170 °C Water Quenched  

50/50 PCL/TPU  180 °C 180 °C 180 °C 180 °C 180 °C 180 °C Air  

25 PCL 75 TPU  175 °C 175 °C 175 °C 175 °C 175 °C 175 °C Air  

HEB  150 °C 180 °C 180 °C 180 °C 175 °C 175 °C Air  

 

 

Table 2.2: Printing Settings. 
Printer Settings 75 PCL 25 TPU 50/50 PCL/TPU 25 PCL 75 TPU HEB 

Bed Temperature 50°C 50°C 50°C 50°C 

Nozzle Temperature 210°C 220°C 225°C 210°C 
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Figure 2.3. The print raster patterns used in this study: a) longitudinal, and b) 45°. 

 

Specimens for DMA testing were also printed by way of FFF. The instrument used 

for DMA testing was a PerkinElmer DMA 8000 (PerkinElmer, Waltham, MA, USA). In 

addition to providing information related to dampening, testing with DMA allowed for the 

determination the correct recovery temperature, which, in other works performed by our 

group has been the temperature at which the maximum tan δ occurs. [1,4]. Tensile testing 

was carried out using a MTS Criterion C-44 tensile testing machine outfitted with an 

Advantage™ Model AHX 800 extensometer (MTS Systems Corporation, Eden Prairie, 

MN, USA).   

The MTS criterion was then to document tensile properties for our materials. We 

also wanted to verify that the materials could withstand 100% elongation at room 
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temperature. In, general our procedure for determining the shape memory properties has 

been to hold specimens at 100% elongation for a period of 5 min [1,4]. The recovery 

temperature was 65 °C which was close to all the max tan δ temperature for all materials 

tested.  As mentioned above, the best performing binary blend was the 50% PCL 50 % 

TPU and we tested this material system again by way of DMA and tensile testing in the 

other print raster we used, the alternating 45° printing orientation in order to compare with 

the HEB. The Tg for the binary blend and the HEB was the same according to the DMA 

testing [46]. 

The Final tests that were conducted in this effort were performed to determine the 

self-healing properties of the material systems. This effect can occur with different 

stimulus such as photo-induced healing, recombination of chain ends, molecular 

interdiffusion, and thermally reversible crosslinked polymers [31]. These properties are 

important due to the loss of structural capacity or functionality overtime [32]. For this 

experiment a squared film was printed using FFF technique with the HEB. First it was 

printed and then deformed by folding them several times, the orientation used was 

longitudinal and 45° to see if there is any difference after that it was recovered in hot water 

at 70 °C to assess its recovery time and condition. 

 The second test was the “Cut-Test” where a type V sample was cut in the middle 

and then recovered at 80 °C in the oven. The sample was recovered in a fixture that was 

3D printed with PETG that is illustrated in Figure 2.4 below. In Figure 2.5 the set up can 

be spotted where the jig was closed. In this test the blends that were tested were 50/50 

PCL/TPU and HEB and its outcomes were compared one and another to assess its ability 

to recover. In order to avoid the sample sticking to the jig cooking spray was used as mold 



13 

release to facilitate the removal of the sample after it was heated. For this experiment 

both orientations were used to see if there was a difference between both raster patterns. 

 
Figure 2.4: Fixture to recover sample. 

 
Figure 2.5: Recovery Set up in the fixture. 
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3. Chapter 3: Results/Discussion 

Rheological Characterization  

DMA Testing: On the Figure 3.1 it can be observed the results of the binary blends 

with different concentrations compared with the HEB. As the PCL concentration was 

lowered the blend started acting as a more spring since the tan decreased with an 

increase in PCL. The Tg could be observed simply all of them below 70°C as seen in 

Table 3.1. DMA Parameters. That is why the temperature picked to recover all the blends 

was 65°C so all the blends would be above its Tg. On the PCL-TPU blends there was only 

one option due to the other options for the temperatures were very low hence the blends 

were tested only in one temperature. In contrast, HEB was indeed able to obtain two 

temperatures, however both were similar (63 °C and 50 °C) as they are appointed in 

Figure 3.2 a) and b). This phenomenon occurred only in one orientation due to the curves 

for the printing orientation changed along longitudinal and 45° raster pattern. 

 

Table 3.1. DMA Parameters 

Experimental 
Group Max Tan δ 

Temp (°C) (Max 
tan δ) 

Storage Modulus 
at Glassy Onset  Temp (°C) 

75 PCL/25 TPU 0.85 68.5 °C 8.00E+10 Pa -75 °C 

50 PCL/50 TPU 
Long 0.35 63 °C 1.18E+11 Pa -70 °C 

50 PCL/50 TPU 45 0.57 62.75 °C 7.19E+10 Pa -65 °C 

25 PCL/75 TPU 0.2 59 °C 8.30E+10 Pa -55 °C 

HEB Long 1 63 °C 2.51E+10 Pa 50 °C 

HEB 45 0.8 65 °C 6.00E+10 Pa -65 °C 
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Figure 3.1. DMA Testing comparison with normal blends. 

 
Figure 3.2.DMA Results HEB different raster patterns. 
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MECHANICAL TESTING  

The tensile testing was performed first in the normal blends where the most elastic 

blend would be then compared to the HEB with different raster patterns. For this test two 

factors were taken in consideration that were % Elongation (%El) and Ultimate Tensile 

Strength (UTS). The difference in %El and UTS were very noticeable where both highest 

values were obtained by the blend 50% PCL 50% TPU. This was not an expected result 

since accordingly to the nature of the TPU with its elongation properties it should add 

more elasticity to the blend however the least elongated blend was 25% PCL 75% TPU 

which only achieved up to 1200% elongation whereas the best one could achieve almost 

2000+/- 112% elongation moreover in the UTS the 50/50 PCL/TPU blend was the best 

performer from the first three iterations of a binary blend. These results helped us to 

determine that the 50/50 PCL/TPU blend was the best performer and we chose this one 

to be compared it with the HEB blend. 

  

Figure 3.3. % Elongation. 
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The HEB blend did not overtake the other blends in terms of %El and its result was 

that it did not elongate to 1000%. However, the %El values were enough to perform shape 

memory characterization. In contrast with the 50/50 PCL/TPU blend did not exhibit raster 

pattern sensitivity in terms of %EL, but HEB did where the 45° raster was able to sustain 

more plastic deformation as more than 2400+/-112.  two times compared to the 

longitudinal orientation as seen in Figure 3.3. In terms of UTS, the HEB could exhibited 

higher values as compared with the iterations of the binary blend where the average 

surpass the strongest blend as seen in Figure 3.4 however, on the contrary of the 50/50 

PCL/TPU the strongest specimen was the 45° orientation that could withstand an average 

of 35.9±/-2.04 MPa surpassing the 50/50 PCL/TPU that only could achieve 34.4 MPa. 

Overall, the rate of UTS oscillates between 15+/-.73 MPa and 35.9+/-2.04 MPa. 

 
Figure 3.4. Ultimate Tensile Strength. 
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SHAPE MEMORY CHARACTERIZATION 

Characterization of the shape memory properties was performed on all blends but for 

50/50 PCL/TPU blend due to material constraints it was performed first in a Type V then 

in a Type IV shape. The results were that it was easier for 50/50 PCL/TPU to recover its 

original shape than in the case of the 75/25 PCL/TPU and 25/75 PCL/TPU blends where 

they were crooked and even though they had best SMI they did not fully recover their 

shape, so the calculation could not describe the actual behavior of the materials (Figure 

3.5). Including shape and the parameters describing the formulas, the best blend in shape 

memory properties was the binary blend composed of 50/50 PCL/TPU. This is due to the 

balance between both polymers. The HEB had better results in comparison with the other 

blends. However, the first try of the SMT the specimen shrank, that is why the HEB Long 

exceeded the recovery ratio. Not only did they shrink, but they also crooked in such a way 

that they could not be recovered properly. In order to avoid this situation, the HEB 

specimens were healed at different times, but the shape was not recovered well either 

(Figure 3.6 g, and h). After that, it was decided to pre heat the specimens before at 65 ℃ 

for 5 minutes then cooled down for 2 minutes at room temperature until room temperature 

was reached. This method worked very well (Figure 3.6 i and j) and had better results 

than the non-pre heated ones. Non-pre-heated samples at least one of the samples 

shrank while the pre-heated samples none of them shrank and held a very good shape 

memory index and recovery ratio. The tensile behavior changed as well in the HEB pre-

heated specimens while the longitudinal orientation improved its tensile behavior the 45° 

orientation decreased the tensile strength a little bit but was better than the normal HEB 
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longitudinal orientation. This behavior, when the blends have a better performance after 

a source of heat is applied is usually is known as Polymer Relaxation [47]. 

 

Figure 3.5. Shape Memory Test regular blends. 

 

 

Figure 3.6. Shape Memory Test HEB with different times (a,b,c,d,e,f) and baseline (g,h) vs pre-

heated (i,j). 

 

The comparison of all blends with their shape memory properties was compiled 

and presented in Figure 3.7, where the behavior of all blends used in this study is 
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compared to one an another. As it can be seen the best behavior was obtained by the 

HEB was the most stable blend overall of all while the Type V specimens made from  

50/50 PCL/ TPU were the blend that did not performed very well during the study for not 

maintaining its shape however its recovery ratio is the best out of the binary blends is 

comparable with the Type IV 50/50 PCL/TPU and can be somewhat matched with the 

HEB blends. The blends that surpass the 1.0 line means that they had shrinkage as stated 

before. On Figures Figure 3.8 Figure 3.9 Figure 3.10 Figure 3.11 Figure 3.12 the SMP 

can be seen 

 
Figure 3.7: Shape Memory Index/ Fixation Ratio/ Recovery Ratio comparison. 
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Figure 3.8: Shape Memory Test Process 25 PCL 75 TPU 

 

 
Figure 3.9:Shape Memory Test Process 50 PCL 50 TPU 

 



22 

 
Figure 3.10: Shape Memory Test Process 75 PCL 25 TPU 

 

 
Figure 3.11: Shape Memory Test Process HEB Long 

 



23 

 
Figure 3.12: Shape Memory Test Process HEB Pre-Heated 

 

SELF-HEALING EFFECT TESTING 

The first method we used to evaluate the self-healing aspects of our material 

systems was to pull the specimens to failure after they were subjected to a shape memory 

test cycle to evaluate how the materials responded to damage. We have found this to be 

a useful method in determining what is effectively resiliency of the material [25].  During 

this test we could observe the output of the HEB and how it could heal in a same manner 

as the 50/50 PCL/TPU blend as seen in  however in terms of elongation the HEB 45° 

orientation healed better than the 50/50 PCL/TPU 45° Orientation, as it is shown in Figure 

3.13. 
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Figure 3.13: Elongation Baseline vs After SMT 

 

On Figure 3.14 the tensile specimens’ UTS can be observed, and it can be clearly 

seen that after the shape memory test (SMT) the strongest blend now was 50/50 

PCL/TPU with longitudinal elongation in addition it even performed better than its regular 

blend and this only happened on this blend, the comparison can be spotted in Figure 3.13 

and on this orientation so it can be inferred that it underwent a polymer relaxation process 

[47].   
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Figure 3.14: UTS Baseline vs After SMT 

 

A qualitative test was developed where thin (0.4mm in thickness) specimens of 

material were printed, folded into random shapes and then recovered in water. The test 

was conducted using water at 68 °C and both raster patterns from the HEB were the main 

subjects. The self-healing process was successfully conducted since both patterns 

recovered as seen in Figure 3.15. Upon folding the specimens exhibited craze cracking, 

which is indicative of material damage. The film recovered its shape and little to no craze 

cracks were observed after testing (Figure 3.15 c and e). The film was folded 3 times in 

45° orientation and 2 times in longitudinal at room temperature and was recovered in less 

than 5 seconds and the shape returned to its original form. In Figure 3.16 the 45° 

orientations can be observed, and it did not got as curled as the longitudinal raster 

specimen. This shape is obtained presumably due to deformation at the moment the 

specimen is taken from the print bed it gets a curled shape not a completely flat shape as 
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it seen in the Figure 3.15 a. The longitudinal pattern got a rounder shape after it was taken 

out of the printer as seen in  Figure 3.17 d, both materials recovered well however, the 

longitudinal morphed into a curled shape inside the water as it is seen in Figure 3.17 d 

after being in the water for about 4 seconds after its shape recovery which may indicate 

a secondary shape memory effect.  

 
Figure 3.15. Self-Healing effect in HEB Long (b/c) and 45 Orientation (d/e). 

 

 

 
Figure 3.16. Self-Healing 45° Raster pattern effect in video. 
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Figure 3.17. Self-Healing longitudinal Raster pattern effect in video. 

 

 A cut test was conducted as well and compared the behavior of the 50/50 PCL/TPU 

and HEB with both raster patterns for this test. The experimental set up influenced the 

test and it was difficult to actually use the fixture described in Methods section to create 

an ideal self-healing environment. Despite these difficulties, the 50/50 PCL/TPU binary 

blend successfully healed after 5 min at 80 °C, as it can be shown in Figure 3.18 where 

image a) is the specimen before cut, b) is the specimen after cut c) and d) is after the type 

V is healed and in d) the specimen was imaged being held from the top and it did not fall 

down, this happened in both raster patterns however, the bond was not strong enough to 

be tested in the tensile test machine as when it was placed for the test it would snap.  

This effect could be because of the jig that was used that did not have enough 

thermal conductivity along the specimen however, is a notable finding that the 50/50 

PCL/TPU is able to recover from a whole cut. In Figure 3.19 the specimen can be seen 

under the microscope and how the rupture healed after removing the specimen from the 

fixture. This result could be because of the set-up of the self-healing process or even the 

mold release (cooking spray) and the amount of PCL in the blend.it was recovered in the 

oven. In Figure 3.20 the 45° orientation can be spotted and healed as well. 

On the other hand, the HEB could not be healed during any of the test with any of 

the raster pattern, the conditions were the same as the previous blend but at the moment 

of taking it out from the jig it would snap and break. The specimen was not able to make 
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it through the damage it already received. The mold release could be a reason due to its 

propagation through the crack and could prevent the fibers from recovering themselves 

and as well as the set up since the FFF is not exact and the jig did not fit exactly as it 

needed to be. Moreover, the PLA or the low content of PCL could be preventing the 

properties of self-healing to react to the temperature. 

 

 
Figure 3.18: 50/50 PCL/TPU Cut test 

 

 
Figure 3.19: Type V Healed 
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Figure 3.20: Type V Healed 45° Orientation 

 

 

SEM ANALYSIS 

During the SEM analysis different features were compared between the two blends 

that stand out from the rest (50/50 PCL/TPU and HEB). There were some differences that 

were announced. In Figure 3.21 the 50/50 PCL/TPU 45° orientation can be observed 

clearly in the red circle the formation of the layering when it was printed as well as the 

plastic deformation is present and how the brittle fracture formed during the tension 

testing. There are some dimples and voids and a channel like feature that could be a fiber 

that tore before the complete fracture of the specimen. Elongation of fibers are spotted 

as well in the picture and the deformation of the fibers. Due to the nature of the pull, there 

is no delamination failure. 
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Figure 3.21. 50/50 PCL/TPU 45 SEM Fracture Surface. 

 

 
Figure 3.22. 50/50 PCL/TPU Longitudinal SEM Fracture Surface. 

 

In Figure 3.22 the 50/50 PCL/TPU longitudinal specimen is present, in this picture 

there are more ductile failure presence than in the 45° orientation. The main reason is the 

printing orientation that would make the sample more ductile than the 45° however in the 

image b) of the Figure 3.22 the arrow indicates a brittle fracture mode that was present 

at the moment of the fracture this means that when it fractured it was an instant failure. 



31 

In Figure 3.23, is where the HEB starts to see its failure mode. In contrast with 

TPU and PCL blend the HEB showed a more brittle fracture mode. The delamination of 

the specimen can be spotted in this blend and this could be due to the printing parameters 

and the possibility of lack of temperature during the printing process this could be inferred 

by looking at the image “a” and “b” in the bottom the layers can be spotted to be more 

uniform stacked than the top layers and this could be due to the bed temperature. 

Besides, the fibers also present evidence of brittle fracture surface as can be seen in the 

image “d” of figure 17 where there is a “clean” cut and there is no evidence of elongation 

or dimples. In Figure 3.24, can be spotted that there was not that ductile fracture in the 

image b there are evidence of brittle fracture and on image a and c only can be seen 

some spots of elongation of the fibers so the fracture mode can be defined as mixed in 

this blend as well. 

 
Figure 3.23. HEB Longitudinal SEM Fracture Surface. 
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Figure 3.24. HEB 45 SEM Fracture Surface 

 

In Figure 3.25 and Figure 3.26, it can be seen there in fact there was some 

difference between the pre-heat samples and no pre-heated samples. In contrast with the 

45° HEB, here it can be seen that the layers are homogenized better and there are no big 

gaps between them the fracture surface is more ductile than the previous one and this 

would be due to the material is more compacted. However, it does not look as ductile as 

the 50/50 PCL/TPU Blend. 
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Figure 3.25. HEB 45° Pre Heat SEM Fracture Surface. 

 

 
Figure 3.26. HEB Longitudinal Pre-Heat SEM Fracture Surface. 
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4. Microtome Analysis 

A study was conducted using the cryo-microtome machine to look at the phases 

of the HEB blends, in Figure 4.1 the images can be spotted and the phases can be 

differentiated in the red circles. This images allow us to comprehend better the material 

and look that there polymers were able to blend together. 

In Figure 4.2 the two phases are observable, which is a notable finding as there 

are three constituents in the HEB. 

 

 
Figure 4.1: Microtome HEB 

 

 
Figure 4.2: Microtome HEB 
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5. Chapter 4: Summary and Conclusions   

The work presented here demonstrates an iterative design sequence for the melt 

compounding of polyesters with the long-term goal of creating high entropy polymer 

systems with shape memory and self-healing capabilities. Utilizing a materials selection 

strategy based on solubility parameter values, polymer type, and molecular geometry, 

binary blends composed of PCL and TPU and a ternary blend composed of PCL, TPU, 

and PLA were created by way of melt compounding. 

Initial testing of variations of the binary blend found that a high PCL content (75% 

by weight) was difficult to extrude and did not perform well both in terms of printability 

and physical properties. When the ratio was shifted to be a majority TPU (75% by 

weight), the %El values were surprisingly low and the UTS values were also lower. The 

blend of 50/50 by weight PCL/TPU exhibited the most robust physical properties The 

premise of equal parts led us to pursue a three-component system of equal parts, 

essentially a high entropy polymer blend. The PCL-TPU behavior caught the attention 

due on 50-50 binary blend and the results were investigated and diverse authors[48]  

[49] that state that the tensile strength may be affected by the crystallinity of the polymer 

due to crystallinity and PCL lamellar thickness influence the permanent deformation 

stress in addition that at constant temperature the soft segments face a decline in their 

conformational entropy[50]. 

Both materials were evaluated in terms of raster pattern as well as between 

themselves. Notable results were that the HEB did not display a raster pattern sensitivity 

between the two raster patterns tested. This phenomenon warrants more study. In the 

case of the binary blend, when comparing baseline tensile data to tensile specimens that 
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were tested after a shape memory cycle, a work hardening effect is observed as the UTS 

values are greater for cycled specimens and the %El values are lower. This phenomenon 

also warrants more study.  

In terms of shape memory performance, the HEB performed better than the binary 

blend, however shrinkage was observed. This is most likely due to polymer relaxation 

that occurs during the printing process. An experimental set was pre-heated at the glass 

transition temperature of the blend prior to shape memory testing in an effort to de-relax 

the specimens and the superior shape memory properties were retained without 

specimen shrinkage.  

Efforts to examine the microstructure of the polymer blend yielded limited results, 

but we were able to discern two distinct domains within the HEB specimen. This is 

noteworthy as there are three constituents in the blend. Though the data pertaining to 

self-healing in terms of cut specimens is also limited, the binary blend of PCL/TPU in a 

50/50 ratio exhibits superior self-healing capabilities as compared to the HEB. This is 

most likely due to the higher PCL content which becomes tacky and potentially flows 

when heated.  

There are still many questions to answer about High Entropy Blends or ternary 

blends since there is still a subject in development however, during this study it can be 

concluded that there are some aspects of the blends that these ternary blends can 

improve the binary blends such as their shape memory properties which they were 

stabilized when the PLA was added and, in some cases, tensile strength however there 

are other aspects where it does not behave better than the binary blends.  
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The printing parameters of the ternary blend (HEB) can be improved too due to 

there was not a complete fusion between the layering and that could be the reason why 

the pre-heated samples worked better in some mechanical aspects. The challenges still 

prevail in the additive manufacturing industry and some other printing techniques could 

be tested to see if that outcome is better than FFF and would be useful to test if it could 

be viable to use the blend as a scaffold for biomedical applications or even if a ligament 

or tendon can be built after this blend [51] and spot the differences among a binary blend 

and a ternary blend. 

In conclusion 50% PCL 50% TPU got the best properties between all of the binary 

blends and its tensile properties do not depend on size however, their shape memory 

properties such as fixation ration and shape memory index do depend on the size. 

Compared to the HEB the 50/50 PCL/TPU behaved better in terms of elongation. Also, 

according to the SEM pictures the 50/50 PCL/TPU blend was more ductile than any of 

the ternary blends whether pre-heated or not pre-heated. On the other hand, HEB has 

more stable shape memory properties overall. The HEB showed a potential self-healing 

material that could be studied deeper since the material healed in the surface, but it did 

not reach the crosslink section, in the future different additives could be added in order 

to enhance this property due to the three polymers have the same solubility parameter.  

All of these properties could be enhanced by changing the PLA concentration due to this 

polymer tending to embrittle the mix or use a different mixing technique so the PLA can 

integrate better to the blend. The cut test is still in development and could be performed 

better with different tools that could make the blend heal in a better manner. 
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FUTURE WORK: 

The recommendations for the future would include to experiment with different 

printing parameters to improve the adhesion between the printing layers and avoid the 

delamination that was present on Figure 3.23.  

In respect to the binary blend, it would be a good option to compare with 45 PCL 

55 TPU and vice versa to see the effect of each blend and figure out if it could improve 

its performance on tensile strength. And % elongation. 

The next step would be to compare the HEB mechanical properties to tendons and 

ligaments in order to determine if it could be a good option for biomedical graft 

applications. The next recommendation will be the development of a standard to perform 

an accurate cut test that could guarantee a precise result and a tool to properly heal an 

specimen.  
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