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ABSTRACT 

The aim of this work was to develop and characterize polyurethane-based shape memory polymer (SMPU) 
filament yarns of a suitable diameter and thermo-mechanical performance for use in tailored multi-sectorial 
applications. Different polymer compositions - pure SMPU and SMPU composites with 0.3 and 0.5 wt.% of multi-
walled carbon nanotubes (MWCNT) or carbon black (CB) as additives - were studied. 

Filaments were obtained using a melt spinning process that allowed the production of the permanent and 
temporary shape of the SMPU filament. Two drawing speeds (20 and 32 m/min) were studied. 

Characterization techniques such as the tensile test, differential scanning calorimetry (DSC) and dynamic 
mechanical analysis (DMA) were used to investigate the shape-memory effect (SME) of the filaments. 

Pure and additive SMPU filament yarns of a controlled diameter were produced. The results indicated that the 
pure SMPU on the temporary shape had the highest tensile strength (234MPa). Filaments with CB revealed a significant 
strain (335%) in the permanent shape with respect to the other filaments. The melt spinning process influenced the soft 
segment glass transition temperature (Tgs) significantly, with a decrease in the temporary shape (1st heating) as 
compared to the permanent shape (2nd and 3rd heating). However, only the 0.5% MWCNT additive clearly influenced 
the filament, increasing the Tgs by 10ºC. The additives also influenced the SME, obtaining an increased fixity ratio (up 
to 97%) with the MWCNT additive and an increased recovery ratio (up to 86%) with the CB additive. 
 

Key works: SMPU, filament yarn, mechanical properties, thermal properties, recovery ratio, fixity ratio, 

permanent shape, temporary shape.

 
 

INTRODUCTION  
Shape Memory Polyurethanes (SMPUs) can recover a programmed or permanent shape from a deformed or 

temporary shape. This functionality is sensitive to external stimuli such as heat, light, or humidity. Temporary shape 

fixity and recovery to the permanent shape are related to the SMPU’s capacity to produce the shape memory effect 

(SME). These properties depend on the SMPU filament processing parameters, such as thermal conditions and applied 

mechanical deformation.1 

According to Baer et al. (2007),2 SMPUs are segmented polyurethanes having a microphase configuration. 

They are divided into hard segments (aromatic diisocyanates), which generate the permanent shape and are responsible 

for shape recovery; and soft segments (aliphatic polyethers or polyesters), which create the temporary shape and are 

responsible for shape fixity. The shape memory effect (SME) of these SMPUs is produced by the thermodynamic 

incompatibility between the hard and soft segments.3 Depending on the formulation, transitions may be located at the 
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melting temperature (Tm) or the glass transition temperature (Tg) of the hard segment (Tmh or Tgh, respectively), and at 

the Tm or Tg of the soft segment (Tms or Tgs, respectively).4 When stress is generated in the tensile direction, the 

deformation, in the form of the orientation of the polymer chains, is stored elastically in the soft segment, while the hard 

segment remains virtually unchanged. In order to obtain the effective functionality of the SMPU, attractions between 

the polymer chains of the hard segments must be maintained in the presence of stress, while the soft segment absorbs 

said stress and lengthens its chains.5  

Figure 1 shows a scheme of the process undergone to create the permanent shape, the temporary shape and to 

recover the permanent shape for an SMPU filament. 

 
Figure 1. Scheme of the transition temperatures from de creation the permanent shape, the change to the temporary shape 

and the permanent shape recovery of an SMPU filament. 
 

Different studies focus on the development of new shape memory polymers with improved performance, 

modifying their composition or including additives. A variety of additives have been studied and used to strengthen 

SMPUs (organic clay, carbon nanofibers (CNF), silicon carbide (SiC), carbon black (CB), carbon 

nanoparticles/tubes/wires, graphene and silver nanoparticles (AgNP) /nanowires (AgNW)).6,7 However, many studies 

have focused on the effects of CB and carbon nanotubes (MWCNT), proving to be stable and effective additives.3,8–12 

MWCNT are tubular 1D nanomaterials, while CB are spherical nano or microparticles. Their distinct morphologies 

result in different effects on the SMPU segments. According to Meng and Hu9, MWCNT can lead to an improvement in 

temporary shape recovery and stress recovery that is higher than CB. These additives can affect the crystallization of the 

soft segments of the SMPU, restricting their mobility in different ways, depending on the size of the additives. These 

findings suggest that SMPU properties are influenced by the presence of additives and that, depending on their 

distribution in the matrix, as well as their nature, morphology and content, they may have distinct effects which require 

further study. Some works have suggested that a variation in geometry and particle size may cause an increase or 

decrease in the Tgs of the SMP.10  

It has been found that additive contents above 1wt.% result in filaments having unsuitable diameter and 

mechanical performance for multi-sectorial applications.3,13–16 Although numerous studies have considered the 
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incorporation of additives (CB and MWCNT) in SMPU, none have analyzed the mechanical and dynamic-mechanical 

behavior of filaments containing less than 1% of these additives. 7,9,13–21,22–24  

Of the industrial processes used to create SMPU masterbatches with nanoparticles, the most common are 

ultrasonication-assisted solution mixing, shear mixing, three roll milling, ball milling and co-rotating twin screw.25 Of 

these, the most energy-efficient and suitable for industrial production is co-rotating twin screw extrusion.  

On the other hand there are many spinning methods among them: bubble spinning, electrospinning, dry 

spinning, wet spinning, chemical and melt spinning.3,26,27 There are some studies have analyzed the effect of production 

processes,28 such as production through electrospinning,29 melt spinning or wet spinning, on the mechanical 

performance and shape recovery2 of SMPU in the form of fibers or thin films.30 However, melt spinning is considered 

the most appropriate for industrial production .31 

Other research has focused on the effect of thermal treatments on the filaments.32,33 According to Kaursoin et 

al.12, heat-setting and drawing affect shape memory effect properties. Finally, a limited number of studies have analyzed 

the viability of the applications of the shape memory fibers on knitted fabrics.34–37  

This study, using a melt spinning process, aims to obtain SMPU filament yarns having a suitable diameter for 

multi-sectorial applications by incorporating a low percentage of additives (0.3 and 0.5 wt.%) through a co-rotating 

twin-screw extrusion. The incorporation of these additives will result in a wide range of filaments with distinct 

properties. Thus, it is intended to expand the range of SMPU filament yarns for use in different applications.  

The co-rotating twin screw method was selected for the masterbatch preparation since micro and nanoscale 

additives permit further industrial use. Several studies have obtained positive dispersing results using this method.4,38,39 

According to previous studies, it is expected that additives at this low content will permit the production of regular 

filament yarns that are appropriate for multi-sectorial applications and which may contribute to differences in 

mechanical and thermomechanical behavior and shape memory behaviour.14,40 

The melt-spinning process is expected to partially orient the polyurethane molecules in the direction of the 

fiber axis and thereby, form hard segment microdomains. This may lead to a higher fiber breaking strength as compared 

to other formats.30,41 This orientation will increase with drawing speed.3  

The influence of the melt-spinning and drawing speed process parameters, as well as the effect of the 

incorporation of MWCNT and CB on the diameter, mechanical performance, thermal properties, and SME behavior of 

the filament yarns on temporary and permanent shapes were examined. SME behavior was assessed by determining the 

fixity ratio of the temporary shape and the recovery ratio for the return to the permanent shape.  

 

 

Materials and experimental methods 
MATERIALS  

The polymer used was an SMPU, ether-based polyurethane (MM4520 grade) having an activation temperature 

of 45ºC, provided by SMP Technologies Inc., Japan. To program the SMPU, it was necessary to heat the polymer above 

the Tgh. Once the material acquired the desired shape (the so-called permanent shape), it was maintained at 
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temperatures above the Tgs. The deformed shape (the so-called temporary shape) was achieved by applying stress and 

cooling the material below the Tgs.42  

Multi-walled carbon nanotubes (MWCNT) MWNC7000™ series (from NANOCYL, Belgium) and carbon 

black (CB) in microparticles made up of nano-sized carbon filaments with accessible pore structure were used as 

received.  

 

EXPERIMENTAL METHODS 

Preparation of SMPU composites 

Additivation was carried out with a ZSK 18 MEGAlab co-rotating twin screw extruder equipped with two 

hoppers. Detailed information on the method used in this study was presented by Uranbey et al.39 First, a masterbatch of 

SMPU containing 3 wt.% of MWCNT or CB was prepared. This masterbatch was proportionally blended with pure 

SMPU (SMP45P-P) in another extrusion process, to attain values of 0.3 and 0.5 wt.%, for MWCNT and CB particles. 

The temperature profile of the extruder ranged from 180 to 220°C for MWCNT and from 180 to 210°C for CB, to 

ensure a homogeneous mixture with no polymer degradation. The SMPU pellets and masterbatch were dried at 80ºC for 

4 hours, or until the humidity percentage was less than 0.03%, before extrusion. The following formulations were 

prepared: SMP45P-MWCNT03 (0.3 wt.% of MWCNT); SMP45P-MWCNT05 (0.5 wt.% of MWCNT); SMP45P-CB03 

(0.3 wt.% of CB); and SMP45P-CB05 (0.5 wt.% of CB). The effect of the CB or MWCNT on polymer viscosity was 

determined with the Melt Flow Rate (MFR) at 190ºC. 

 

Melt spinning process 

Pure SMPU and composite pellets were melt-spun with a Collin Tech-Line extruder followed by a first 

drawing zone (stretching roller A), a hot-air stretching furnace and a second drawing zone (stretching roller B), as seen 

in Figure 2.  
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The main parameters of the process are indicated in Figure 2, as well as the pellets used and the monofilament 

yarns (referred to as filaments in this paper) obtained. The nomenclature includes the name of the polymer (SMP45), the 

form (P-pellet or F-filament), the additives (CB or MWCNT), the content of the additive (0.3 or 0.5 wt.%), and the 

stretching speeds (20 or 32 mm/min). Additionally, two percentages of CB (0.1 and 1 wt.%) were added.  

A 0.6 mm diameter nozzle was used to obtain filaments with an adequate diameter for multi-sectorial 

applications. Temperature ranges and other parameters of the extrusion process were adjusted, depending on the 

viscosity of the pellets used (pure SMPU or composites)4 and the results of Melt Flow Rate  (MFR) shown in Table 1. 

The MFR of the SMPU filaments were examined using a CEAST melt flow modular line indexer (ITALY) at 190°C. 

 

Table 1. Melt Flow Rate (MFR) values of the different formulations. 

SAMPLE NOMENCLATURE MFR  
(g/10 min) 

SMP45P-P 8.39 ± 1.05 

SMP45P-CB03 31.08 ± 0.73 

SMP45P-CB05 30.03 ± 0.97 

SMP45P-MWCNT03 43.22 ± 1.35 

SMP45P-MWCNT05 26.21 ± 0.86 

 

As observed by previous authors,10 a significant reduction was found in SMPU viscosity due to the effect of 

the additives, having a three to five-fold higher flow rate (from 26 to 43 g/min) as compared to pure SMPU 

(approximately 8g/10min). Based on these MFR values, the extruder temperature was approximately 15ºC lower for the 

composites as compared to the pure SMPU. 

The programed filament shape (referred to as the permanent shape in this paper) was created by cooling at 

<Tgh once the material extrusion was carried out at the fixed drawing speed of 15 m/min (Zone A). To produce a 

deformed shape (referred to as a temporary shape in this paper) during this extrusion process, the filaments were passed 

through a 1.5m long furnace placed between Zone A and Zone B. As in previous studies,4,11,42–44 the oven temperature 

was fixed at 55ºC, that is, above the Tgs of all of the SMPU filaments. To continuously control the final SMPU filament 

diameter (yarn count) and the thermo-mechanical properties of the same, two different drawing speeds (20 m/min or 32 

m/min) were applied in Zone B. Our previous work clearly indicated that the selected drawing speeds permit a very 

stable extrusion process with production relevance for a significant quantity of SMPU filaments.  

To return to the permanent shape, filaments were heated above the Tgs without the application of any external 

stress. During this process, the internal stresses generated during the extruding process (and stored in the temporary 

shape) were erased, permitting the return to the permanent shape.43 

 

 

Characterization techniques 

Filament diameters were measured in the temporary and the permanent shape (after heating to 60 °C), using a 

high accuracy digital micrometer (Mitutoyo 293 series), enabling 0.1 μm (micrometer) resolution measurements. To 
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determine the average filament diameter, single measurements were taken at every 25 cm on 10 m filament lengths 

(different filament samples were used to obtain the average filament diameter value with a 95% confidence interval).  

Tensile tests were performed according to ISO-2062:2009 standards, using a ZwickRoell static testing 

machine. Twenty (20) specimens of 125 mm length were tested for each formulation. Pre-tension was applied according 

to filament diameter and the displacement rate of 25 mm/min. The test was performed on the filaments after the 

spinning and drawing (on the temporary shape). It was carried out on the filaments after spinning and drawing, followed 

by heating to 60ºC (on the permanent shape).  

The thermal transitions of the materials were determined by differential scanning calorimetry (DSC) over a 

temperature range (between 25 and 250ºC), using a heating rate of 20ºC/min. Three heating and cooling cycles were run 

for each material. The materials were analyzed in pellet form on a DSC 822e Mettler machine and filaments were 

analyzed using a DSC Q20 V24.11 Build 124 (TA Instrument). Thermal gravimetric analysis (TGA) was conducted on 

a TGA/SDTA 861 Mettler machine at a heating rate of 20ºC/min in the 50ºC to 800ºC temperature range and in a 

nitrogen atmosphere (60 ml/min), for pure SMPU. The composites were analyzed in the 50°C to 650°C range in a 

nitrogen atmosphere (60 ml/min) and from 650ºC to 1000°C in an oxygen atmosphere (60 ml/min). Both samples were 

in pellet form.  

To determine the shape memory effect (SME), i.e., the stability of the temporary shape, fixity ratio (Rf), and 

the recovery of the permanent shape -recovery ratio (Rr)-, Dynamic Mechanical Analyses (DMA) were performed on a 

DMA Q800 by TA Instruments. Two types of tests were carried out. The aim of the first test was to determine the 

minimum reference temperature required to erase the memory form of the temporary shape. Three (3) specimens of 16 

cm ±0.3 in length were subjected to tensile deformation at a temperature range of 20°C to 100°C at 3°C/min and 1Hz 

for each composition. The transition temperature (Tgs) and transition modulus were obtained for each specimen. For all 

of the specimens, a reference temperature (Tr) was determined using the highest value of Tgs. 

The second test was used to determine the SME of the filaments. Tests were performed on 10 mm ±0.5 length 

filaments. The following test steps were used: first, the samples were heated to Tr at a heating rate of 3ºC/min. After 

maintaining Tr for 1 min, a force ramp of 0.01 N/min was applied, to achieve a maximum strain (ɛm) of 100%. Then, the 

force was maintained while the sample was cooled to 27°C, maintaining this temperature for 15 min. Next, the sample 

was stored at Tr, without applying any force, for 5 min. Without this force, a recovery of strain (ɛu) occurred. The 

process ended when the sample was once again heated to Tr, producing a residual deformation (ɛp). This final measure 

was the start of the next cycle. This cycle was repeated 3 times for each specimen and after each cycle, the recovery 

length was measured. The shape fixity ratio (Rf) and shape recovery ratio (Rr) were determined from these data tests. 

The Rf is related to the soft segment of the PU and the Rr is related to the hard segment.12,42,45 Recovery and fixity rates 

were calculated with the following equations (1) and (2)42,44: 
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All of the results obtained were statistically treated with an analysis of variance (ANOVA) and the Tukey HSD 

test using SAS GLM software, providing the significance groups for the same. 

 

Results and discussion 

Diameter of the filaments  

The diameter and length of the filaments were measured. The sample nomenclature, process parameters and 

diameters of the filaments obtained in the temporary and permanent shapes are presented in Table 2.  

 

Table 2. Sample nomenclature, main parameters of the spinning process and the filament diameters obtained.  

 
MAIN PARAMETERS OF SPINNING 

PROCESS 
FILAMENT TEMPORARY 

SHAPE 
FILAMENT PERMANENT 

SHAPE 

SAMPLE 
NOMENCLATURE 
Units 

BARREL HEATER 
PROFILE (1-5) 

(ºC) 

ZONE B 
SPEED 
(m/min) 

AVERAGE 
DIAMETER  

(µm) 

LINEAR 
DENSITY 

(dtex) 

AVERAGE 
DIAMETER  

(µm) 

LINEAR 
DENSITY 

(dtex) 

SMP45F-P- 20 191-200 20 219±17 480 311±12 820 

SMP45F-P- 32 191-200 32 172±10 360 303±11 840 

SMP45F-MWCNT03-20 178-186 20 240±13 560 288±14 840 

SMP45F-MWCNT03-32 178-186 32 176±17 260 279±13 780 

SMP45F-MWCNT05-20 176-183 20 290±26 860 370±13 1380 

SMP45F-MWCNT05-32 176-183 32 247±10 630 369±8 1320 

SMP45F-CB03-20 177-185 20 227±12 500 284±14 740 

SMP45F-CB03-32 177-185 32 167±16 270 260±13 730 

SMP45F-CB05-20 179-188 20 249±17 490 296±8 830 

SMP45F-CB05-32 179-188 32 215±20 320 307±16 900 

 

As shown in Table 2, the melt-spun filaments on the temporary shape had cross-sectional diameters ranging 

between 167 and 290 µm (with a linear density between 260 and 860 dtex) and between 260 and 370 µm for the 

permanent shape (linear density between 730 and 1380 dtex). The results of the diameter measurements were 

statistically analyzed and indicated that smaller than average diameters were obtained for higher drawing speeds. 

According to the Tukey test, the differences found were significant.  

For the filaments on the temporary shape, an increase in diameter was found with the addition of CB and 

MWCNT. This value was higher for SMP45F-MWCNT05-20. The Tukey test revealed significant differences in 

additives with 0.5 wt.% MWCNT as compared to the other filaments. This behavior could be related to the effect of the 

additive in the microstructure formed during the crystallization process.9  

As for the diameter variation in the recovery from the temporary to the permanent shape, in most of the cases, 

it was found that filaments with a drawing speed of 20 m/min had a lower recovery percentage, between 44-62%, as 

compared to filaments with a drawing speed of 32 m/min (Table 3). The Tukey test revealed significant differences 

between the groups having different drawing speeds. SMP45F-P-32 had the highest diameter recovery (76%). The 

Tukey test confirmed that this difference in recovery was significant for all filament types. This behavior was attributed 

to the influence of additives on molecular orientation during extrusion. Therefore, it was considered that CB produced a 
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restriction effect on the mobility and orientation of the soft segments of the SMPU during crystallization, while 

MWCNT acted as a nucleating agent.3,9  

 
Figure 3. Recovery process of the temporary to permanent shape for the SMP45F-CB03-32 filament 

 

As for the length recovery from temporary to permanent shape (Figure 3), in most of the filaments, the length 

was recovered in a similar percentage as the diameter (with a 4-12% difference between these recoveries) (Table 3). An 

exception was found for the SMP45F-CB05 which, according to the Tukey test, revealed a significant difference of 17-

18% in recovery between the length and the diameter. This may be due to the influence of particle size and geometry 

combined with the molecular orientation, on the direction of the length, produced by the extrusion process.3,10  

 

Table 3. Percentages of diameter and length recovery of the filaments from temporary to permanent shape 

 
RECOVERY TO PERMANENT SHAPE 

SAMPLE NOMENCLATURE DIAMETER LENGTH 
Units (%) (%) 
SMP45F-P- 20 42 ±4.1 49 ±1.8 
SMP45F-P- 32 76 ±5.6 67 ±0.8 
SMP45F-MWCNT03-20 20 ±4.3 27 ±1.9 
SMP45F-MWCNT03-32 58 ±4.0 52 ±1.4 
SMP45F-MWCNT05-20 25 ±5.0 40 ±1.1 
SMP45F-MWCNT05-32 56 ±6.1 55 ±0.7 
SMP45F-CB03-20 27 ±2.8 36 ±1.2 
SMP45F-CB03-32 49 ±3.4 51 ±2.0 
SMP45F-CB05-20 19 ±3.1 36 ±2.6 
SMP45F-CB05-32 43 ±5.4 61 ±1.8 

 

Differences between diameter and length recovery for the different filaments permit the refining of a range of 

shape memory behaviors for different applications. Therefore, a higher or lower recovery percentage for diameter or 

length could have distinct functionalities. For example, filaments could be designed for specific applications requiring 

high diameter recovery but low length recovery, or high or low recovery in both directions, etc.  
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Mechanical performance 

Figure 4 shows the representative tensile strength-strain curves obtained for the filaments on temporary and 

permanent shapes from the tensile tests. The values of maximum strength and strain are summarized in Table 4.  

 
Figure 4. Stress–strain representative curves in static tensile tests of the SMPU filaments obtained for temporary shapes (solid 

colors) and permanent shapes (stripes) for: a) pure SMP45F-P filaments; b) composite filaments with SMP45F-MWCNT and c) 

composite filaments with SMP45F-CB. 
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As expected, the filaments on the temporary shape produced at the highest drawing speed (32 mm/min) had 

higher tensile strengths than those produced at 20 mm/min. This effect was more noticeable with the composite 

filaments.3,30 According to the Tukey tests, these differences were significant for all filament types. 

As for the effect of the additives, a decreased tensile strength was found, as compared to the pure polymer 

which reached the highest average (234 MPa) (Table 4). The Tukey test indicated that differences between pure SMPU 

filaments and composites were significant. These tests also indicated that no significant differences in tensile strength 

were found between additives, with the SMP45F-CB03-32 reaching the highest average tensile strength (182 MPa) of 

the composites.  

This behavior is the opposite of that observed by Miaudet et al.46 who found that additives doubled the tensile 

strength value of the pure polymer. This difference in behavior could be related to the significantly lower quantity of the 

additives in this study (0.3 and 0.5 wt.%) as compared to those of the study by Miaudet et al. (20 wt.%). Or it may be a 

result of the distinct polymer and filament production process.  

 

Table 4. Maximum tensile strength and strain values obtained from the tensile tests for all filaments on temporary and 

permanent shapes. 
 

 

The filaments on the permanent shape had a lower tensile strength (47-68 MPa) as compared to those on the 

temporary shape. Higher values were observed for the composite filaments, although according to the Tukey test, these 

differences were not significant. This effect was more noticeable for composites with a higher additive content. This 

may be due to the more restricted mobility of the soft segments of the SMPU and the effect of the particles.3,8,10–12,47 

Given that the addition of a low amount of CB and MWCNT led to filaments having a more similar tensile 

strength in both temporary and permanent shapes than the pure polymer, applications may be designed in which a 

homogeneous tensile strength is useful for the temporary and permanent shapes. On the other hand, pure filaments may 

be suitable for applications requiring extensive strength on the temporary shape.  

The filaments on the temporary shape at 20m/min drawing speed revealed higher strain values than those 

produced at 32m/min. Moreover, in most of the filaments, the composites presented higher strain than the pure SMPU 

at the same drawing speed, with the SMP45F-MWCNT03-20 revealing the highest strain (239%) and the SMP45F-P-32 

 

TEMPORARY SHAPE PERMANENT SHAPE 

SAMPLE NOMENCLATURE MAX. 
STRENGTH 

MAX. 
STRAIN 

MAX. 
STRENGTH 

MAX.  
STRAIN 

Units (MPa) (%) (MPa) (%) 
SMP45F-P- 20 168 ±23 149 ±24 52 ±3 6 ±1 
SMP45F-P- 32 236 ±30 59 ±12 47 ±4 4 ±0 
SMP45F-MWCNT03-20 94 ±12 239 ±20 49 ±5 4 ±1 
SMP45F-MWCNT03-32 160 ±35 96 ±27 52 ±6 4 ±1 
SMP45F-MWCNT05-20 93 ±19 116 ±29 63 ±9 5 ±3 
SMP45F-MWCNT05-32 177 ±21 100 ±9 53 ±3 8 ±4 
SMP45F-CB03-20 118 ±8 216 ±11 48 ±5 5 ±1 
SMP45F-CB03-32 182 ±31 96 ±25 68 ±10 306 ±38 
SMP45F-CB05-20 81 ±12 202 ±19 56 ±5 5 ±1 
SMP45F-CB05-32 160 ±29 71 ±16 57 ±9 335 ±37 
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filament having the lowest strain (58%). These differences between pure SMPU and composites were significant 

according to the Tukey test. This may be due to the higher tensile strength of the pure material, as compared to that of 

the composites.  

On the other hand, most of the filaments on the permanent shape had lower strain values and lower strength 

than those on the temporary shape. According to the Tukey test, these differences were significant. This expected 

behavior is related to the increase in molecular orientation and tensile strength resulting from the drawing of the 

filaments to produce the temporary shape.10,48,49 This happens in all the materials except for the composites with CB, 

which had a very high strain (335%). 

To confirm these findings, filaments containing 0.1 wt.% and 1 wt.% of CB, SMP45F-CB01 and SMP45F-

CB1, respectively, were also produced. In both cases, results showed that the same effect occurred (Figure 5).  

 
Figure 5. Stress–strain representative curves in static tensile tests of the SMPU filaments obtained on temporary shapes (solid colors) 

and on permanent shapes (stripes) for composite filaments with 0.1 and 1 wt.% of CB. 
 

As can be seen in Figure 5, the addition of small amounts of CB leads to a significant increase of SMPU strain, 

in both temporary and permanent shapes. This could be related with a lubricant effect of the CB particles, their 

distribution into the polymer matrix and possible variation in diameter of the filaments (Table2), although more in depth 

studies should be done to analyze the effect of these particles. This behavior may be of interest for applications in which 

a high filament deformation in the permanent and temporary shapes is necessary. Table 5 presents the average 

maximum strength and strain values obtained from the curves.  

 

Table 5. Maximum values of tensile strength and strain obtained for SMPU filaments with CB, 0.1 and 1 wt.%, on 

temporary and permanent shapes, from the tensile tests. 

 
TEMPORARY SHAPE PERMANENT SHAPE 

SAMPLE NOMENCLATURE STRESS  STRAIN STRESS  STRAIN 
Units (MPa) (%) (MPa) (%) 

SMP45F-CB01-20 138 ±20 110 ±13 97 ±13 218 ±19 

SMP45F-CB01-32 180 ±19 79 ±15 80 ±13 207 ±34 

SMP45F-CB1-20 79 ±10 258 ±17 64 ±10 334 ±39 
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SMP45F-CB1-32 150 ±30 55 ±63 94 ±10 229 ±23 

 

 

Thermal transitions and shape memory effect 

The DSC curves corresponding to the 1st, 2nd and 3rd heating cycles for pure SMPU (as received), the 

composites (after preparing the masterbatch in the pellet form) and all of the materials forming the filaments, are 

presented in Figure 6 (temperature range from 30 to 60ºC). All of the curves revealed the typical transitions for SMPU 

polymers: the transition at low temperatures (approximately 45ºC) corresponding to the soft segment and the one at 

higher temperatures (approximately 160ºC) corresponding to the hard segment.30 

 
Figure 6. DSC curves of heating cycles for pure SMPU and the composites on pellet and filament from 30 to 60ºC. a) pellets; b) 

filament to 20 m/min drawing speed and c) filament to 32 m/min drawing speed. 
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Regarding the transition of the soft segment for all the samples (Figure 6) and comparison of the 3 heating 

cycles, lower Tgs were observed for all materials in the 1st heating (temporary shape) as compared to those from the 2nd 

and 3rd heating (permanent shape). This may be related to the stresses generated on the soft segments during the pellet 

to filament production50 and the disappearance of these stresses after the first heating.  

On the other hand, for the 2nd and 3rd heating, the production of filaments led to a slight increase in the Tgs 

which was more significant for higher drawing speeds, except for SMP45F-CB05-32. These results are in line with those 

of Sáenz-Pérez et al.36, who found that the filaments had higher Tgs than the pellets, and Yang et al.43, who found that 

SMPU experiences different Tgs under different programing and stress recovery conditions.  

As for the effect of the additives on the Tgs of the 1st heating for the materials in pellet form (Figure 6a), 

slightly higher Tgs were observed for the composites as compared to the pure SMPU, except for the composite with 0.5 

wt.% of MWCNT, which revealed a clear difference of up to 10ºC in the pellet form. This may have been due to the 

increased ordering of the chains in the extrusion process and the internal stresses generated from the stretching process.3 

In the 2nd and 3rd heating, however, a similar behavior was observed for all of the materials (with a Tgs around 45ºC) 

except for the composite with 0.5% MWCNT, with a Tgs of approximately 53ºC. A decrease in Tgs in the filaments 

composed of CB and an increase in Tgs in the compounds with MWCNT were observed in the study by Leng et al.,10 

although with higher amounts of additives. 

For temperatures above the Tgh, a broad endothermic signal was observed in the first heating (between 120 and 

180ºC), which disappeared over the successive cycles. This signal may be related to water desorption and/or tensions 

generated during the spinning process. During the 2nd and 3rd heating cycle, the signal's thickness was significantly 

reduced on the permanent shape of the filament. The enthalpy of the peak decreased on the 2nd and 3rd cycle, probably 

due to the fast crystallization process that did not permit the full reordering of this phase.51–54 

As was previously explained, two types of DMA tests were performed to determine the shape memory effect 

(SME). From the first tests, the reference temperature (Tr) for the filaments drawn at 32 mm/min was determined to 

have the highest Tgs value. The Tgs obtained with DMA was higher than that determined from the DSC tests. This effect 

was attributed to a different type of heat transfer on the DMA (mainly through convection) as compared to the DSC 

(predominantly through conduction), offering greater precision to the DMA results.36,55 As seen in Figure 7, a 

temperature of 90ºC ensured the total removal of residual stress in the soft segments of the temporary shape.   

 
Figure 7. Comparison of dynamic mechanical analysis (DMA) curves of pure and composite SMPU. 
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This Tr was used to perform a cyclic tensile DMA test to determine the fixity ratio (Rf) and shape recovery 

ratio (Rr), erasing the residual stress in each cycle and creating the temporary shape. The curves obtained from the 

cyclic DMA test are presented in Figure 8. 

 
Figure 8. Stress-strain curves obtained from the cyclic DMA tensile test at Tr 90ºC for pure SMPU and composites. 

 

As Figure 8 shows, the stress required for the filament deformation was lower for the pure SMPU than for the 

composites. This result contradicted that found for the static tensile testing carried out at room temperature. This may be 

due to the higher presence of soft segments on pure SMPU, as compared to the composites. These soft segments may be 

easily deformed since they have a rubbery state at the DMA test temperature.42 This improved dynamic-mechanical 

resistance with the incorporation of additives has been found in other studies.55  

As for the calculated fixity ratio (Rf), the highest value was found for the SMP45F-MWCNT05 (97%) 

composite, followed by the SMP45F-P composite (90%), the SMP45F-MWCNT03 composite (81%), and the CB 

composites (with 72 and 73% recovery for SMP45F-CB03 and SMP45F-CB05, respectively) (Table 6). The low fixity 

ratio, especially in the CB composites, could be due to the relationship between a lower initial temperature range of Tgs 

(see Figure 7) and the room temperature (27ºC) cooling used. Room temperature was selected since the study aims to 

source SMPU filaments for multi-sectorial uses such as those of the automotive, medical, technical clothing, apparel, 

and fabric sectors. 

 

Table 6. Fixity and recovery ratio of cyclic DMA of pure and composite SMPU. 

  C1 
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SAMPLE 
NOMENCLATURE εm εp εu Rf Rr 

SMP45F-P-32 107 ±0.2 18 ±3.4 96 ±1.5 90 ±1.4 83 ±3.1 
SMP45F- MWCNT03-32 104 ±1.1 15 ±0.2 84 ±2.8 81 ±3.5 86 ±0.1 
SMP45F- MWCNT05-32 102 ±0.2 18 ±0.6 98 ±0.5 97 ±0.4 83 ±0.5 
SMP45F- CB03-32 103 ±0.2 15 ±1.3 75 ±3.7 73 ±3.7 86 ±1.3 
SMP45F- CB05-32 103 ±0.1 15 ±1.5 74 ±3.7 72 ±3.5 86 ±1.4 

 
C2 

SMP45F-P-32 105 ±0.2 24 ±3.0 94 ±0.3 89 ±0.4 77 ±2.8 
SMP45F- MWCNT03-32 102 ±0.1 20 ±0.2 83 ±3.2 81 ±3.2 80 ±0.2 
SMP45F- MWCNT05-32 102 ±0.1 24 ±0.5 98 ±0.2 96 ±0.3 77 ±0.5 
SMP45F- CB03-32 103 ±0.4 21 ±1.1 75 ±3.6 73 ±3.3 80 ±1.0 
SMP45F- CB05-32 102 ±0.2 20 ±1.7 74 ±3.1 72 ±3.0 80 ±1.6 

 
C3 

SMP45F-P-32 104 ±0.3 27 ±2.8 91 ±2.4 87 ±2.5 74 ±2.7 
SMP45F- MWCNT03-32 102 ±0.1 24 ±0.2 82 ±2.4 80 ±2.4 77 ±0.2 
SMP45F- MWCNT05-32 102 ±0.1 27 ±0.5 98 ±0.7 96 ±0.6 73 ±0.5 
SMP45F- CB03-32 103 ±0.2 24 ±1.0 75 ±3.7 73 ±3.6 77 ±0.9 
SMP45F- CB05-32 102 ±0.1 21 ±4.5 75 ±3.1 73 ±3.0 80 ±4.4 

 
The recovery ratio (Rr) was slightly higher in filaments with CB and MWCNT03, 86%, as compared to the 

other filaments studied. All filaments showed a reduction in the second and third cycle.  

Regarding the thermal stability of the materials, the TGA and the DTA values obtained for the pure SMPU and 

the composites in the pellet form are shown in Table 7. It is generally accepted that thermal degradation in 

polyurethanes occurs in two or three steps, depending on the quantity of the polyols, diisocyanates, and chain extenders, 

as well as the chemical structure.42 The fourth step corresponds to the onset of carbonization. Four degradation steps 

were clearly identified for both pure SMPU and composites.  

Table 7 shows the maximum degradation temperature for these four steps, the initial decomposition 

temperatures (Ti5%), determined as the temperature at 5% weight loss and the wt.% residue.36  

 

Table 7. Thermal degradation temperatures obtained from TGA/DTG curves for pure SMPU and composites. 

 THERMAL DEGRADATION 

SAMPLE NOMENCLATURE Ti5% Tmax1 Tmax2 Tmax3 
Units ºC ºC ºC ºC 

SMP45P - P 321 348 392 426 
SMP45P - MWCNT03 322 350 387 439 
SMP45P - MWCNT05 322 344 374 426 
SMP45P - CB03 319 346 382 425 
SMP45P - CB05 322 345 387 423 
 

Initial weight loss began at 260ºC, as found in previous studies.56 At 320ºC, weight loss reached 5%.42 The first 

main degradation step occurred between 320ºC and 360ºC and the maximum degradation temperatures were identified 

at 348ºC (Tmax1). The second main degradation step occurred from 360°C to 460ºC, peaking at 380ºC (Tmax2). The 
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third main degradation step took place from 400°C to 460ºC, peaking at 430ºC (Tmax3). According to Sáenz-Pérez42, 

the first step of the weight loss is attributed to the decomposition of the urethane groups. The second step may be 

connected to the destruction of the ether groups and the third step is a result of the destruction of the carbon chains and 

rings. 

No significant differences were found for the maximum thermal degradation temperatures of the different 

samples. Some authors, however, have found that differences were caused by the presence of high amounts of carbon 

nanotubes.57 The low amounts present in the filaments in this study may justify a similar thermal behavior for the 

SMPU composites as compared to the pure material. In this sense, Moghim et al.58 suggested that only percentages 

above 0.5 wt.% of CB cause changes in thermal stability. 

These results suggest that additives do not have a significant effect on SMPU degradation. Moreover, it can be 

concluded that the melt spinning temperatures used were appropriate and that composites may be processed at similar 

temperatures as pure material.  

 

Conclusions 
 

The influence of carbon-based additives on SMPUs plays an increasingly important role in the industry. No 

studies have yet analyzed the influence of additive contents inferior to 1% on the mechanical and thermomechanical 

behavior of filament yarns.  

The results of this study clearly indicate that it is possible to obtain SMPU-based filaments with controlled 

yarn count and thermo-mechanical behavior using a very low content (0.3 and 0.5 wt.%) of MWCNT and CB 

reinforcement. The melt spinning process was designed to generate the permanent and temporary shape during this 

extrusion process. 

The results also revealed that it is possible to obtain different mechanical properties with additives, without 

considerably affecting the glass transition temperature (Tg), except for MWCNT05, which increased the Tg by up to 

10ºC. However, depending on the desired SME (fixity and recovery ratio), MWCNT will be used for higher fixation or 

CB will be used for higher recovery.  

This study offers a novel approach that may be used to obtain SMPU-based filament yarns with stimuli-

responsiveness, specific tailored shape-memory properties and controlled physical and mechanical performances for 

multi-sectorial applications. 
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