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Abstract:

 Poly(L-lactic acid) (PLLA) fibers were fabricated by electrospinning. The effects of various electrospinning process parameters on the thermal properties, especially the crystallinity of the electrospun fibers were investigated. Thermal analysis of the fibers revealed that they exhibited degree of crystallinity ranging from 23% to 46% while that for the as-received granules was approximately 37%, suggesting that the crystallinity of electrospun PLLA fibres can be controlled by optimizing the electrospinning process. This finding is very important because crystallinity affects polymer properties such as degradation, stiffness, yield stress, modulus and tensile strength, solubility, optical and electrical properties which will in turn affect the behavior of these materials when they are utilized in energy, environment, defense and security applications. The results presented in this paper show that the degree of crystallinity of the electrospun fibers decreased with increasing the polymer solution concentration. Furthermore, an optimum electrospinning voltage at which maximum degree of crystallinity can be obtained was observed. At voltages higher or lower than the optimum electrospinning voltage, the degree of crystallinity will decrease or increase, respectively. The effect of the needle tip to collector distance (NTCD) on the degree of crystallinity follows no predictable and consistent pattern.
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1. Introduction

Interest in electrospinning has grown exponentially over the last two decades due to the versatility of the technique. Electrospinning is capable of producing fibers with high strength [1] and large surface area-to-volume ratios [2]. An advantage of the process over conventional fiber forming methods is that only a small amount of polymer, as low as 50 mg, is required for electrospinning, in comparison to tens of kilogrammes of polymer required in conventional spinning methods [3]. However, in spite of the amount of research that has been carried out on electrospinning and electrospun fibers, studies on the effect of electrospinning on polymer properties have been limited. Most studies have focused on the effect of electrospinning parameters on electrospun fibre diameter [4,5,6,7] and the development of controlled morphology [8,9,10,11,12]. However, very few have focused on the effect of electrospinning on polymer properties, such as molecular orientation of polymer chains [2], polymer crystallization chain conformation [3] and polymer degradation [3,13].

Although electrospun fibers have potential applications in many different areas, their use as tissue engineering scaffold materials is probably the most popular application of electrospun fibers [14]. Furthermore, because most electrospun fibers are proposed for use in biomedical applications, it is imperative that an understanding of their properties, such as crystallinity and degradation kinetics, which will impact their functionality when in service, be properly developed.

Although non-biodegradable materials may also be used as tissue engineering scaffolds [15,16], biodegradable materials with controllable degradation rates are more commonly considered [17]. Specifically, poly(lactic acid), poly(glycolic acid) (PGA) and their copolymers are the most commonly researched polymers for tissue engineering because of their biocompatibility, bioresorbability, controllable degradation rates, and also because they have been approved by the Food and Drug Administration for biomedical applications [18]. Crystallinity has been reported to vary directly proportionally to the rate of degradation [19]. It is therefore crucial to have an understanding of the effect of electrospinning on polymer crystallinity.

Stephens et al. reported that the crystalline structure of Nylon-6 changed from α- to γ-crystalline structure due to the high stresses present during the electrospinning process, but no information was given about the effect of electrospinning on the degree of polymer crystallinity [3]. Regarding the effect of electrospinning on polymer crystallinity, it has been generally reported that electrospun fibers possess lower crystallinity than the degree of crystallinity of the as-received polymers and films cast from polymer solutions or melts. Bognitzki et al. reported that electrospun PLLA fibers had lower degree of crystallinity than fibers from melt or films from dilute solutions. This was attributed to the rapid deposition rate of the fibers during electrospinning, which allows very little time for crystallization to occur [20]. Zong et al. also reported lower degree of crystallinity in electrospun PLLA fibers as compared to as-received PLLA resin and attributed this also to the rapid solidification of the stretched polymer chains during the electrospinning process [21].

Other researchers have also compared the crystallinity of various electrospun fibers to the crystallinity of the pristine materials which they were electrospun from. Ramdhanie et al. electrospun blends of PLA and PGA to produce both aligned and random fibers [22]. They reported generally lower values of crystallinity [measured by differential scanning calorimetry (DSC)] for the PLA fibers than for the pristine PLA pellets, while some of the PGA electrospun fibers showed an increase in crystallinity. Deitzel et al. reported a wide angle X-ray diffraction (WAXD) study of electrospun polyethylene oxide (PEO) fibers and pristine PEO powder [23,24]. The (120) and (112) reflections of the electrospun fibres were weak and broad in comparison to the sharp peaks obtained for the powder, indicating that the crystalline microstructure of the electrospun fibres was not well developed. In their work on silk-like polymer with fibronectin functionality (SLPF), Buchko et al. also observed lower crystallinity for electrospun fibres than in the pristine material using wide-angle X-ray scattering (WAXS) and attributed this also to the rapid solidification of the electrospun fibres [25]. Ayutsede et al. obtained crystallinities of 48% and 39% for pristine Bombyx mori silk and electrospun fibres, respectively, using WAXD [26]. Similarly, Ribeiro et al. recently reported that electrospun PLLA fibres were nearly amorphous, and they attributed this to the rapid solidification of the electrospinning jet [27].

In the contrary, Zhao et al. suggested, that the degree of crystallinity of electrospun ethyl-cyanoethyl cellulose fibres was greatly influenced by the crystallization time as the jet travels from the capillary tip to the collector and the molecular orientation was brought about by the electrostatic field [28]. Specifically, the degree of crystallinity of the electrospun fibres increased with increasing voltage up to a maximum after which the degree of crystallinity began to decline.

More recently, Kongkhlang et al. reported the electrospinning of random fibres of polyoxymethylene (POM). The authors observed molecular orientation in the electrospun fibres, as well as a chain structure in which fully extended molecules aligned parallel to the needle axis. The presence of molecular orientation in the electrospun fibres was attributed to the substantial stretching forces imposed on the polymer solution by the electric field during the electrospinning process [2].

The high elongation strains and shear stresses that are exerted on polymer chains within the electric field during electrospinning are reported to cause the macromolecular chains to align along the fibre axis, leading to high degree of molecular orientation in the fibres [1,2,3,29,30]. Molecular orientation has been shown to be directly proportional to the degree of crystallinity [1,30]. It is therefore reasonable to suggest, that if electrospinning is able to cause molecular orientation of polymer chains, then it may be possible to influence the degree of crystallinity by carefully controlling the electrospinning parameters.

The crystalline properties of a material are important when considering the material for medical applications because the crystalline properties of a polymer have a direct bearing upon the degradation behavior in vivo [19,31,32,33]. A high or low degradation rate may be desirable, depending on the application of the material. It would therefore be beneficial if the degree of crystallinity of electrospun polymer fibres can be tailored by controlling the electrospinning process/parameters.

Although poly(lactic acid) is one of the most researched biodegradable polymers [34,35], there is no comprehensive systematic study in the literature about the effect of varying different electrospinning parameters on the degree of crystallinity of its electrospun fibres. The previous work on the study of crystallinity of electrospun PLLA in the literature [20,21,36] has all been carried out within a fixed set of parameters which limits their results to the parameters used. In a recent paper by Ribeiro et al. where a wider set of parameters (i.e., voltage and flow rate) was used, the degree of crystallinity of the electrospun fibres was controlled by an additional annealing process after electrospinning. In that case, a higher degree of crystallinity was achieved, but not directly during electrospinning [27]. This paper aims to investigate the possibility of controlling the degree of crystallinity of electrospun PLLA fibres in a single process by varying the electrospinning parameters.



2. Experimental Section


2.1. Materials

PLLA granules of molecular weight ≈220,000 g/mol were supplied by Goodfellow Chemicals, Cambridge, UK. Dichloromethane (DCM) (puriss. p.a., ACS reagent, ≥99.9%) was supplied by Sigma Aldrich, UK, while N,N-Dimethylformamide (DMF) (>99% assay) was supplied by Fisher Chemicals, UK. Four different solutions of 2, 5, 8 and 10 wt% concentration were made by dissolving PLLA granules in a 75:25 solution of Dichloromethane/N,N-Dimethylformamide.



2.2. Methods


2.2.1. Kinematic Viscosity

The kinematic viscosity of the different PLLA-DCM/DMF solutions described above was obtained using an Ostwald U-tube viscometer (Cannon Instrument Company, USA) enclosed in a water bath at 25 °C. The viscosities were calculated using the following formula supplied by the manufacturer

 [image: Polymers 04 01331 i001]

Where v = kinematic viscosity (cSt), t = efflux time (s), and k = viscometer constant (0.01 cSt/s at 25 °C).



2.2.2. Electrospinning

The polymer solutions were electrospun using a Model ES1a electrospinning machine manufactured by Electrospinz Ltd., New Zealand. The electrospinning apparatus is shown in Figure 1. A static aluminium foil target was used to collect the non-woven electrospun fibres. A systematic variation of three electrospinning parameters, namely: polymer solution concentration, applied voltage and needle tip to collector distance (NTCD) was conducted. Briefly, during each electrospinning experiment, two of these parameters were held constant while the third one was varied. The electrospinning apparatus has been designed by the manufacturers to function with a gravity feed system which ensures the internal pressure of the droplet at the needle tip is constant [37]. Therefore, the system does not require a syringe pump to control the flow rate. The electrospinning was carried out at room temperature. The electrospun fibres were stored in a dessicator for one week to allow for complete evaporation of solvent. The 2 and 10 wt% solutions could not be electrospun under all varied electrospinning parameters due to their low and high viscosities, respectively (details discussed in Section 3.1). Additionally, a low yield of fibres from the 5 wt% and 8 wt% solution concentrations was also observed using 10 kV applied voltage, showing that 10 kV was too low for successful electrospinning of the polymer solution.

Figure 1. Schematic representation of ES1a electrospinning machine.
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2.2.3. Characterisation of Electrospun Polymer Fibres

The morphology of the electrospun fibres was obtained using a Philips XL-30 FEG SEM (SE mode) at an accelerating voltage of 20 kV. Four different specimens were cut from each sample and then mounted on an aluminium stub using a carbon adhesive film. The specimens were sputter coated with platinum using an Emscope SC500 (Emscope laboratories, Kent, UK) Sputter Coater at a current of 25 mA for 3 min.

A Perkin Elmer Differential Scanning Calorimeter (DSC 7) was used for the thermal analysis of the elctrospun polymer fibres. Approximately 6 mg of samples were crimped into standard DSC aluminium pans. The fibres were taken through a temperature scan of 25 °C to 200 °C at a heating rate of 10 °C/min, held at 200 °C for 2 min, followed by cooling to 25 °C at a cooling rate of 10 °C/min. With the aid of the Pyris™ software (Perkin Elmer) installed on the DSC equipment, the glass transition temperature (Tg) was calculated from the endothermic transition relating to the glass transition on DSC scans using the half-Cp (heat capacity) extrapolated method.

The values for the degree of crystallinity were calculated using the formula [38,39,40] below:

 [image: Polymers 04 01331 i002]

where Xc (%) = Degree of crystallinity (%),  [image: Polymers 04 01331 i003] = Heat of fusion (J·g−1),  [image: Polymers 04 01331 i004] = Heat of cold crystallization (J·g−1) and,  [image: Polymers 04 01331 i005] = Heat of fusion for 100% crystalline material (93.6 J·g−1) [39].





3. Results and Discussion


3.1. Effect of Polymer Solution Parameters and Processing Conditions on the Electrospinning Process

Several attempts were made to electrospin fibres from the 2 wt% PLLA solution (kinematic viscosity of 2.22 cSt), however a mixture of electrospraying and electrospinning was observed (Figure 2A). The lower polymer solution concentration resulted in a lower polymer chain entanglement density [41], which caused the chains to break up at the tip of the capillary due to the high surface tension [24]. Fibres, as well as some beads were obtained when the polymer solution concentration was increased to 5 wt% (Figure 2B), however, when the polymer solution concentration was increased to 8 wt%, bead-free fibres were obtained (Figure 2C). The 10 wt% polymer solution was too viscous with a kinematic viscosity of 142.57 cSt (Figure 3) and it was difficult to electrospin, even at very high electrospinning voltages.

Figure 2. SEM micrographs of electrospun polymer fibres obtained when electrospinning from (a) 2 wt%; (b) 5 wt%; and (c) 8 wt% polymer solutions at 20 kV and NCTD of 12.5 cm, respectively.
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Figure 3. Variation of kinematic viscosity with polymer solution concentration (where ν is kinematic viscosity and C is polymer solution concentration).
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The polymer solution concentration has a direct bearing upon the number of polymer chain entanglements within the solution and is one of the major factors which determine if fibres can be formed during electrospinning. As has been previously reported in the literature, there is an optimum range of polymer solution concentration within which uniform fibres can be electrospun when all other parameters are held constant [42], and in our study, this range of polymer solution concentration was found to between >2 wt% and <10 wt%.

When electrospinning was carried out at 10 kV, the amount of fibres produced was very small. The voltage applied during electrospinning induced charges into the polymer solution/melt and it was when the electrostatic forces created by these charges overcame the surface tension of the solution that electrospinning occurred. Hence, when the applied voltage was too low, the electrostatic forces were too low to initiate electrospinning. Similar to polymer solution concentration, the applied voltage has been shown to have a window within which electrospinning can be successful [4]. As mentioned above, electrospinning at 10 kV was not possible and therefore this is considered to be the minimum possible value.

Figure 3 shows the variation of viscosity with polymer solution concentration. The viscosity of the polymer solution increased with increasing polymer solution concentration as a result of increased number of polymer chain entanglements [41]. The increase in viscosity is dependent on polymer solution concentration [43].





3.2. Effect of Electrospinning on the Glass Transition Temperature (Tg)

The glass transition temperature, Tg, of the electrospun fibres under any of the experimental parameters and for all the polymer solutions was lower than that of the as-received granules (67 °C) and ranged from 52 °C to 63 °C (Table 1). Varying the voltage or the NTCD had no effect on the Tg of the electrospun fibres. The Tg generally increased when the polymer concentration was increased from 5 wt % to 8 wt%; this was due to increased polymer chain interaction, but the Tg remained lower compared to the as-received polymer. A decrease in Tg values has previously been also reported for electrospun fibres [21,44,45]. Zong et al. attributed the decrease in Tg in electrospun PLLA fibres to the plasticisation of the nanofibres by air and the large surface to volume ratio [21]. Similarly, Carrizales et al. reported a decrease of 20 °C for Tg of electrospun poly(methyl methacrylate) (PMMA) nanofibres during the 1st heating cycle of a DSC study compared to the Tg of the as-received PMMA powder. However, during the 2nd heating cycle of the electrospun nanofibres, it was reported that the Tg of the electrospun nanofibres was equal to that of the as-received PMMA powder. Carrizales et al. attributed this reduction in the Tg values of electrospun PMMA nanofibres to the plasticisation of the fibres by absorbed water, although their work was not clear about the source of the absorbed water [46]. We did not expect this to be the case in our studies because the electrospun fibres were properly dried prior to DSC characterisation. In addition, the glass transition temperatures measured during the 2nd DSC cycle (Table 1) were not much different to the 1st DSC cycle. Unfortunately, it is not clear from this work and the literature why there is a reduction in Tg after epectrospinning. Zong et al., Kim et al. and Cui et al. suggested that the reduction in Tg is possibly due to three factors: 1. High surface area [21], 2. Increase in segmental mobility as a result of decreased chain entanglements [13], and 3. Higher molecular orientation and stress within polymer chains [44]. It is possible that it is not only one reason that causes the reduction in Tg. From our results it is clear that the Tg increased with increasing the polymer concentration. This could possibly be related to segmental mobility however, this is still only a speculation.


Table 1. Variation of Tg and Xc with electrospinning parameters. (n/a–not applicable; Xc was calculated during 1st heating cycle).



	
PLLA electrospinning solution

	
Electrospinning parameters

	
Tg (°C)

	
Xc (%)

	
PLLA electrospinning solution

	
Electrospinning parameters

	
Tg (°C)

	
Xc (%)




	
NTCD (cm)

	
Voltage (kV)

	
1st heating cycle

	
2nd heating cycle

	
NTCD (cm)

	
Voltage (kV)

	
1st heating cycle

	
2nd heating cycle






	
Granule

	
n/a

	
n/a

	
67

	
n/a

	
37.4

	
n/a

	
n/a

	
n/a

	
-

	
-

	
-




	
5%

	
7.5

	
15

	
52

	
56

	
45.3

	
8%

	
7.5

	
15

	
61

	
61

	
37.3




	
20

	
54

	
54

	
45.1

	
20

	
64

	
61

	
43.8




	
25

	
52

	
54

	
44.8

	
25

	
63

	
61

	
46.3




	
10

	
15

	
53

	
54

	
43.9

	
10

	
15

	
60

	
61

	
30.5




	
20

	
52

	
55

	
42.2

	
20

	
60

	
61

	
36.7




	
25

	
53

	
54

	
37.9

	
25

	
62

	
60

	
43.9




	
12.5

	
15

	
55

	
54

	
45.5

	
12.5

	
15

	
60

	
61

	
33.4




	
20

	
53

	
55

	
43.7

	
20

	
58

	
61

	
36.9




	
25

	
54

	
55

	
42.4

	
25

	
64

	
61

	
46.6




	
15

	
15

	
52

	
55

	
46.6

	
15

	
15

	
60

	
61

	
31.2




	
20

	
55

	
54

	
28.4

	
20

	
60

	
61

	
34.7




	
25

	
56

	
54

	
26.2

	
25

	
63

	
61

	
45.8











3.3. Effect of Polymer Solution Concentration on Degree of Crystallinity

Figure 4 presents DSC scans of polymer fibres electrospun from 5 wt% and 8 wt% PLLA solutions at 20 kV and 10 cm NTCD. Just above the Tg, a hysteresis endothermic peak was observed (Figure 4) characteristic of volume relaxation due to the rapid structure formation of the fibres during electrospinning as has also been reported by Bognitzki et al. [20]. An exothermic peak observed around 75 °C was associated with “cold crystallization”. Cold crystallization has been reported the literature [21,36]. Cold crystallization is a transition that occurs at low temperature due to enhanced primary nucleation when heating the polymer above its glass transition temperature when polymer chains have enough energy to become mobile and achieve an ordered state via an exothermic reaction [22,40]. The occurrence and extent of this reaction is dependent on the processing history of the sample. Mezghani and Spruiell reported that generally, a crystalline or semi-crystalline polymer will have a lower tendency to undergo this transition than a less crystalline or amorphous polymer [38] and this will be reflected by a small ∆Hc for the crystalline/semi-crystalline polymer and a large ∆Hc for an amorphous polymer. In this study, the cold crystallization enthalpy (∆Hc), increased from 2.5 J·g−1 to 18.3 J·g−1 when the polymer solution concentration was increased from 5 wt% to 8 wt% and voltage and NTCD were held constant at 15 kV and 10 cm, respectively (Figure 4).

Figure 4. (a) DSC scans of fibers electrospun from 5 wt% and 8 wt% solutions at 15 kV and 10 cm needle tip to collector distance (NTCD); (b) Cold crystallization region of scans shown in A.
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At low polymer solution concentrations, the polymer chains are more mobile due to relatively small number of chain entanglements resulting in higher molecular orientation during electrospinning compared to fibres resulting from higher solution concentrations. Also, the solidification process is expected to be slower for a low polymer solution concentration resulting in higher electric-field assisted molecular orientation during electrospinning [36]. Therefore, it can be said that low polymer concentration solutions can yield fibres with higher molecular orientation and most likely lower degree of cold crystallization. Using Equation 1 therefore the degree of crystallinity after electrospinning is expected to be higher. Conversely, higher polymer concentration solutions can yield fibres with reduced molecular orientation due to higher viscosity and most likely higher degree of cold crystallization and therefore generally lower degree of crystallinity. Based on the above explanation the reduction in the degree of crystallinity with increasing polymer solution concentration can be justified. However, in the exceptional case of fibers electrospun from the 8 wt% polymer solution concentration at a voltage of 25 kV, the degree of crystallinity increased compared to the fibers electrospun from the 5 wt% polymer concentration solution (Table 1). The reason for this will be discussed in Section 3.4.







3.4. Effect of Voltage during Electrospinning on the Degree of Crystallinity

As shown in Figure 5, the degree of crystallinity of the fibers electrospun from the 5 wt% PLLA solution generally decreased with increasing voltage from 15 kV to 25 kV albeit in some cases, the reduction was only minimal. For instance, when the voltage was increased from 15 kV to 25 kV at a constant NTCD of 10 cm, the cold crystallization enthalpy, ∆Hc, increased from 2.5 J·g−1 to 6.7 J·g−1 (Figure 6). Consequently, the degree of crystallinity, Xc, calculated using Equation 1, decreased with increasing the voltage from 15 to 25 kV (Figure 5). On the contrary, the degree of crystallinity for the fibers electrospun from the 8 wt% solution concentration increased as the voltage was increased from 15 kV to 25 kV (Figure 7).

Figure 5. Effect of voltage on the degree of crystallinity of fibers electrospun from 5 wt% solution concentration at different NTCDs.
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Figure 6. (a) DSC scans of fibers electrospun from 5 wt% solution at a constant NTCD of 10 cm and varying voltages; (b) Cold crystallization region of scans shown in A.
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Figure 7. Effect of voltage on the degree of crystallinity of fibers electrospun from 8 wt% solution concentration at different NTCDs.
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From Figure 5 and Figure 7, it is obvious that there was a voltage at which a maximum degree of crystallinity was obtained. We have called this voltage the optimum electrospinning voltage. For the fibers electrospun from the 5 wt% solution concentration, the maximum degree of crystallinity was obtained when electrospinning at 15 kV, while for the fibers electrospun from the 8 wt% solution concentration, the maximum degree of crystallinity was obtained when electrospinning at 25 kV.







During the electrospinning process, as the jet travels from the needle tip to the collector, both molecular orientation induced by the electric field, and crystallization of the polymer occur [28]. Also, as the voltage is increased during electrospinning, the number of charges in the polymer solution increases and the effect of this is that there will be more stretching of the jet [4]. Furthermore, increasing the voltage will lead to an increase in the alignment of the polymer chains (i.e., molecular orientation) during electrospinning and consequently an increase in the degree of crystallinity of the electrospun fibers as reported by Zhao et al. [28]. However, this increase in the degree of crystallinity with an increase in electrospinning voltage is not expected to continue indefinitely, on the contrary, above a certain voltage (the optimum electrospinning voltage), the degree of crystallinity will reduce. This is because the degree of crystallinity is also influenced by the flight time of the jet, which at high voltages is short enough to leave insufficient time for the polymer to crystallize [47]. Increasing the voltage beyond the optimum electrospinning voltage will lead to a reduction in the flight time due to the higher acceleration of the jet, resulting in decreased crystallinity [28,47]. Generally, the degree of crystallinity will increase with increasing electrospinning voltage until the optimum electrospinning voltage is reached; above the optimum electrospinning voltage, the degree of crystallinity is reduced due to the effect of the acceleration imposed on the spun fibers by the electric field.

For the fibers electrospun from the 5 wt% solution concentration, as the maximum degree of crystallinity (Xc) was obtained at 15 kV, after which Xc began to decrease, it is likely that if a voltage lower than 15 kV was used to electrospin the polymer solution, the degree of crystallinity would increase with voltage up to a maximum at circa 15 kV. Above this voltage, reduction of the flight time of the jet occurs with a consequent decrease in the degree of crystallinity. It was attempted to electrospin the polymer solutions at lower voltages than 15 kV but this was not possible as has been explained in the Experimental Section. Consequently, it is believed that the range of voltages used in this study may have been above the optimum electrospinning voltage. Within this range, it is likely that increases in voltage will lead to increased acceleration of the jet to the extent that it reduces its flight time; the result of this is that there was insufficient time for crystallization and hence lower degree of crystallinity was observed beyond 15 kV.

For the fibers electrospun from the 8 wt% solution concentration, the degree of crystallinity reached a maximum at 25 kV when the voltage was increased from 15 kV to 25 kV (Figure 7). This suggests that the optimum voltage at which maximum degree of crystallinity can be obtained is at or close to 25 kV. It is therefore believed that the range of voltages used in this study fall below the optimum electrospinning voltage. It is very likely that further increases in voltage beyond 25 kV will lead to a reduction in the degree of crystallinity.

It was interesting to note, however, that the optimum voltage at which maximum degree of crystallinity can be obtained for fibers electrospun from the 5 wt% solution concentration was lower than that for fibers electrospun from 8 wt% solution concentration, i.e., 15 kV and 25 kV for the 5 wt% and 8 wt% solutions, respectively. As has been explained in the previous section, the polymer chains are more mobile in polymer solutions of low concentration; it is therefore believed, that this will make them more susceptible to influences of voltage at low voltage values. As the polymer solution concentration is increased however, there are more polymer chain entanglements, hence higher solution viscosity, resulting in the polymer chains exhibiting a higher resistance to stretching [48] during electrospinning. As a result, the probability of the electric field inducing molecular orientation in the electrospun fibers at low voltages will be small, except at higher voltages (in this study, this was observed to be approximately ≥ 25 kV).

A comparison of the degree of crystallinity of fibers electrospun from the 8 wt% solution at 25 kV with the degree of crystallinity of fibers electrospun from the 5 wt% solution at the same voltage shows that the degree of crystallinity was slightly higher for the first case. As explained above, at voltages above the optimum voltage at which maximum degree of crystallinity can be obtained the degree of crystallinity of the fibers will decrease. As the optimum voltage for fibers electrospun from the 5 wt% solution was at or close to 15 kV, any further increase in voltage will lead to a reduction in the flight time of the jet and consequently a decrease in the degree of crystallinity. However, for the fibers electrospun from the 8 wt% solution, because the optimum voltage was at circa 25 kV, the maximum degree of crystallinity was observed at this voltage.



3.5. Effect of NTCD on the Degree of Crystallinity

Ideally, increasing the NTCD should result in an increase in the flight time of the jet [4]. Since molecular orientation can be induced by the electric field as the jet travels from the needle tip to the collector, if the flight time of the jet is increased by increasing the NTCD [28], theoretically, it would be reasonable to suggest that the molecular orientation of the electrospun fibers could increase with a consequent increase in the degree of crystallinity. The recent work of Tong and Wong however, show that increasing the NTCD may not necessarily increase the flight time of the jet due to the complicated three-dimensional spiralling trajectory of the jet [4]. In this study, for fibers electrospun from the 5 wt% solution, no constant trend was observed in the variation of the degree of crystallinity (Xc) with changing NTCD, suggesting that the NTCD influences the degree of crystallinity of the electrospun fibers but not in a predictable and consistent way (Figure 5). Although the reason for this is not particularly clear, we suggest that it could be due to the inconsistency of trajectory of the polymer jet as Tong and Wang suggested [4]. However, it is interesting to note, that for the fibers electrospun from the 5 wt% solutions, at 15 kV which was the optimum electrospinning voltage for this solution, the degree of crystallinity remained fairly constant in the whole range of NTCD used in this study suggesting that the degree of crystallinity is not affected by variations in NTCD when electrospinning at or close to the optimum voltage. Similar observations as above were also made for fibers electrospun from the 8 wt% solution concentration (Figure 7). This has not been suggested before in the literature and therefore it is not possible to compare with any other similar example, however this is an indication that the acceleration voltage has a main role in the jet trajectory perhaps more important than the NTCD.




4. Conclusions

PLLA polymer fibers were electrospun from two different polymer solution concentrations, i.e., 5 wt% and 8 wt%, at varying voltages and NTCDs using an ES1a electrospinning machine manufactured by Electrospinz Ltd, New Zealand. The thermal characterisation as conducted by DSC revealed that the electrospun fibers exhibited crystallinities ranging from 23% to 46% while that for the as-received granules was approximately 37%. This suggests that by optimizing the solution and processing parameters during the electrospinning process, it may be possible to tailor the degree of crystallinity of PLLA. This can be a very important factor not only when considering an electrospun material for biomedical applications, but in other areas as well, because crystallinity affects polymer properties such as stiffness, yield stress, modulus and tensile strength, solubility, optical and electrical properties [49,50] which will in turn affect the behaviour of these materials when they are utilized in energy, environment, defence and security applications.

It was also observed that factors such as polymer solution concentration, electrospinning voltage and NTCD influenced the degree of crystallinity of the electrospun fibers. More specifically, the degree of crystallinity decreased with increasing the polymer solution concentration. In addition, an optimum electrospinning voltage at which maximum degree of crystallinity can be obtained was observed. At voltages higher or lower than the optimum electrospinning voltage, the degree of crystallinity will decrease or increase, respectively. It is believed that each polymer solution concentration would exhibit its individual optimum electrospinning voltage. The effect of the NTCD on the degree of crystallinity followed no predictable and consistent pattern, possibly due to inconsistency of trajectory of the polymer jet. However, it was interesting to observe that the degree of crystallinity was always maximum irrespective of the NTCD when electrospinning at the optimum electrospinning voltage.

In summary, in order to tailor the crystallinity of electrospun fibers, the polymer solution concentration and voltage should be carefully controlled.
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