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1. INTRODUCTION 

Generating polymeric fibers is one of the key advancements in polymer engineering and 

science. In recent years, various techniques such as template synthesis [1], self-assembly [2], 

phase separation [3], melt blowing [4] and electrospinning [5] developed. Among them, melt 

blowing is the most feasible technology due to straightforward processing, fair control of fiber 

morphology, and utilization of a broad range of polymeric materials. In melt blowing, the 

polymer melt is extruded through a die containing numerous small capillaries and then 

stretched via a jet of hot air. The higher air velocity versus low velocity polymer jets provides 

a drag force that rapidly attenuates the polymer jets into fine fibers. Then, the fibers are 

collected on the surface of a collector in the form of a random web. The lack of controlled 

stretching gives melt blowing technology a distinct cost advantage and high production rate 

compared to other micro- and nanofiber mat generating techniques [6].  

The composite laminates made of reinforcing fibers usually exhibit excellent in-plane 

material properties; however, the matrix material and fiber-matrix interface dominate out-of-

plane properties (e.g., interlaminar shear strength). Ply to ply interfaces of composite laminates 

possess weak areas of the structure due to the nature of the laminates. An interlaminar 

toughening approach, including incorporating sub-phases into the interface between the 

reinforcement and the matrix, can effectively solve this issue. The continuous nano- and 

submicron fibers have a large surface-to-volume ratio and aspect ratio (length/diameter), and 

they are expected to have better interfacial strength than conventional reinforcing fibers, thus 

providing advanced interfacial properties [7]. The fine surface morphology and potentially 

homogeneous dispersion of nano- and submicron fibers throughout the matrix make these 

fine fibers of great interest in reinforcing composites structures.  

Recently, attention has been increasingly devoted to recycling components made of fiber-

reinforced polymer composites [8]. That brings new challenges for enhancing these 

composites' mechanical and thermal characteristics in parallel to their recyclability. This 

demand led to the development of single-polymer composites (SPCs). SPCs are a particular 

family of thermoplastic composite materials in which both the reinforcing fiber and the 

polymer matrix are from the same polymer family. They can be easily recycled by melting both 

(similar) components. However, their production requires complex techniques (e.g., film-

stacking, hot compaction, coextrusion) and sensitive processing parameter control to prevent 

the reinforcing fibers from being completely melted. Although the SPCs are not new, 

difficulties in processing and limited load-bearing ability and thermal performance still 

hamper SPCs' applicability in industrial utilization. In this regard, melt-blown (MB) fiber mats 

with a large surface-to-volume ratio can establish excellent interfacial strength, and therefore 

they might enhance SPCs’ performance.   

MB fibers and related products are used in many applications, including but not limited to 

automotive, railway, aerospace, agriculture, geotextiles, industrial/military, 

medical/healthcare and construction [9]. The demand for personal protective equipment (PPE) 
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made of MB fibers has soared to unprecedented levels due to the COVID-19 pandemic. Reports 

indicate that only in 2020, over 50 billion face masks made of nonwovens were produced, while 

it is estimated that 1.6 billion of these masks ended up in oceans [10]. The automotive 

nonwoven market worldwide rated around 10 billion USD in 2018, while it is expected to 

extend to 14.2 billion USD by 2026 [11]. Yet, most nonwovens are not entirely environmentally 

friendly since they are made of non-biodegradable polymers. Therefore, demand for 

recyclable and sustainable fine fibers, such as biopolymer fibers is rapidly emerging. Limited 

attention has been devoted to the degradation and decomposition of biopolymer-based nano- 

and micro fibrous structures.   

In this regard, I did investigations on controlling and modifying MB polymeric fibers’ 

performance by controlling processing parameters. I proposed a novel approach for making 

high-performance SPC with MB fine fiber interleaves. Furthermore, I developed 

nanocomposite MB fibers to enhance SPC laminate stiffness and damage tolerance. Besides, I 

generated high-performance poly (lactic acid) (PLA) MB fibers and conducted a systematic 

and comparative analysis of PLA fine fibers' hydrolytic and composting behavior. Finally, I 

discovered a new method of making nano-/submicron fibers via fused filament fabrication 

(FFF) technology. I designed a novel apparatus capable of generating continuous fine fibers 

and printing 3D structures to create hierarchical structures.  
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2. LITERATURE OVERVIEW 

The literature overview summarizes the recent progress in melt-blowing, including 

polymer materials used for generating MB fiber mats, parameters affecting morphology, 

thermal, mechanical properties, mechanical behaviors of fiber mat interleaved and reinforced 

composites, and related composite manufacturing methods, single-polymer composites, and 

their potential applications. 

2.1. The melt blowing process 

Melt blowing is a simple, versatile and cost-effective, extrusion-based technology that 

generates continuous nano/microfibers, forming in most cases a randomly oriented web. The 

fiber mat is produced continuously, and the polymer melt is drawn by a flow of pressurized 

hot air. No special additives or binders are required, and there is no need for secondary 

processes like thermal bonding of the fibers. Melt-blown (MB) fiber mats have a high surface 

area per unit weight, moderate stiffness, and tunable permeability. MB nonwovens can also 

be utilized in a wide range of applications, including drug delivery, membrane separation, 

battery separators, skin and wound dressing,  filters, surgical drapes and gowns, protective 

apparel and reinforced composite materials [12-16] and they play a crucial role in the fight 

against the COVID-19 pandemic [17] as the most common filtering media in personal 

protective equipment, such as face masks and respirators.  

MB fiber mats are formed directly from a molten polymer without controlled stretching. 

This renders a distinct cost advantage and high production rate compared to other micro-and 

nanofiber generating techniques [18, 19]. Besides, melt blowing is a solvent-free process that 

makes it economical and environmentally friendly. Moreover, melt blowing is compatible 

with a wide range of polymers [20]. The properties of the polymer materials have to be 

optimized to meet the requirements of specific applications. These features may include but 

not limited to hydrophobicity/hydrophilicity, piezoelectric or antistatic properties, 

biocompatibility or biodegradability, high filtration efficiency, or absorbency of liquid matters, 

possess a high modulus and strength, etc. Often a combination of multiple properties is 

desired, and that can be achieved with precisely engineered equipment operated within a 

rather narrow processing window, accurately designed processing parameters, or a 

combination of two or more synthetic materials [21].  

The method was first developed in the 1950s at the U.S. Naval Research Laboratory by 

Wente [4] with the goal of making sub-micron fibers to trap radioactive particles in the upper 

atmosphere. Wente was able to generate polyamide and polyester fibers as thin as 100 

nanometers by hot air steam. Wente’s concept was quite similar to manufacturing mineral 

wool patented by Player [22] in 1870. The patented process involved blowing a strong stream 

of air across a falling flow of liquid iron slag. When a powerful blast of steam met the liquid 

slag, that separated the melt into long filaments. The industrialization of a similar method was 

carried out by another patent by Hall [23] in 1902 to produce highly porous mineral wool felt. 
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The idea of applying hot air steam for fiber generation was followed by another patent 

authored by Thomas of the Owens-Corning Fiberglass Corporation [24] in 1940 to 

manufacture glass wools.  

Wente reported nanofibers of PET, PA6 and PA6/10 polymers with an average diameter of 

500 nm and achieved production rates of 0.54 – 1.62 kg/h/m of die width. Later on, a 36-inch-

wide (914 mm) die based on this concept was developed by Exxon Company [25]. Exxon was 

able to improve the technology to commercially attractive throughput rates of 2.15 – 40 kg/h/m 

of die width [26]. Nowadays, Reicofil Reifenhauser provides multi-row melt blowing lines 

with 12,000 nozzles per meter and fibers ranging from 1-25 microns and a throughput rate of 

up to 150 kg/h/m [27]. Among the other methods like electrospinning, melt blowing is now 

one of the fastest-growing, high throughput and most modern methods of manufacturing sub-

micron and nanofiber mats. A typical melt blowing setup (Figure 1) consists of four main parts, 

which are: an extruder, melt blowing die head, hot air feed and a collector that comprises a 

drum, continuous band or a fixed plate. 

 

Figure 1. Schematic of a typical melt blowing system [28, 29] and illustration of the melt blowing fiber 

formation at the die 

2.1.1. Materials used for melt blowing and their properties 

A broad range of polymers and polymer blends are compatible with melt blowing. The 

most common polymers for melt blowing are polyolefins (especially Polypropylene (PP)) due 

to their physical properties, ease of processing, low cost and versatility in making a wide range 
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of products. Polymers commonly used for producing micro-/nano fibers using melt blowing 

technology are given in Table 1. 

Table 1. A summary of polymers and corresponding fiber diameter, melt flow index and melt 

temperature utilized in the melt blowing technology 

Polymer 

Average fiber 

diameter 

[μm] 

MFI 

(ASTM 

D1238) 

Melt temperature 

[°C] 
 Reference 

Polypropylene (PP) 0.3 1500 220  
[30] 

 

Poly (phenylene 

sulfide) (PPS) 
4.1 - -  [31] 

Poly (ethylene 

terephthalate) (PET) 
5 375 315  [32, 33] 

Polystyrene (PS) 0.38 (1.1) * 280  [30] 

Polyamide (PA) (6, 

66, 11, 12) 
0.8 - -  [4] 

Polyethylene (LDPE, 

HDPE) 
<12 155 255  [34] 

Poly (butylene 

terephthalate) (PBT) 
0.44 250 265  [30] 

Polycarbonate (PC) 1.1 15.4 370  [35] 

Polyurethane (PU) 4 - 230  [36] 

Polytrifluorochloroe

thene (PCTFE) 
2 ~600 254  [37] 

Polymethylpentene 

(PMP) 
3 3000 255  [38] 

Poly (lactic acid) 

(PLA) 
0.4 77.5 244  [39] 

Thermoplastic 

elastomers (TPE) 
5 25 285  [40] 

Polyvinylidene 

fluoride (PVDF) 
<3 1200 -  [41] 

Polytetramethylene 

terephthalate (PTT) 
1.7 385 288  [42] 

Polyesteramide 

(PEA) 
10.2 21 230  [43] 

Poly (methyl 

methacrylate) 

(PMMA) 

1.5 - -  [4] 

*Pa.s (measured at 280 °C, 

zero shear rate) 
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In general, a low molecular weight (Mw) corresponding to low viscosity and a high melt 

flow index (MFI) [g/10 min] is desired. The narrow molecular weight distribution, the low 

viscosity and high MFI provide a more uniform web with thinner fibers in the melt blowing 

process due to higher attenuation applied through the hot air steam. In the literature, it is 

claimed that the suitable range of MFI for polymers used in melt blowing is 15-3,000 g/10 min 

[4, 20, 44, 45] as a rule of thumb. The high polymer viscosity and, i.e., low MFI yield larger 

fibers; hence, the forming ultra-fine fibers advantage is lost [44].  

A measure of the breadth of the molecular weight distribution is given by the ratios of 

molecular weight average and number average molecular weight (
𝑀𝑤

𝑀𝑛
), called the 

polydispersity index (PDI). Jones [46] studied the influence of polydispersity on the 

mechanical characteristics of PP MB webs. The mechanical properties of PP MB webs are 

slightly affected by the changes in PDI. The strength of the fiber mat decreases with the 

increasing degrees of PDI. A narrow molecular weight distribution reduces the melt elasticity 

and melt strength of the polymer so that the melt stream can be drawn into fine fibers without 

excessive draw force [45]. However, a broad molecular weight distribution increases melt 

elasticity and melt strength and result in fiber breaks and flaws due to melt instabilities [20, 

30]. The decrease in elongation causes an increase in fiber diameter and fewer fiber 

entanglements. Tan et al. [47] reported that increasing melt elasticity increased the fiber 

diameters and decreased its coefficient of variation (CV) (also known as normalized width of 

the fiber diameter distribution), while increasing viscosity did not significantly affect the CV.  

2.1.2. Parameters affecting melt blowing 

2.1.2.1. Polymer throughput rate 

The polymer flow rate plays a key role in the resulting diameters of MB fibers. The polymer 

flow rate (throughput) at a given setup can be increased by increasing the extruder screw 

speed. Increasing polymer throughput rate while keeping the other processing conditions 

unchanged results in an increase in the average fiber diameter [48]. It is because the same drag 

force from the air jet acts on a higher polymer mass. In general, increasing the polymer flow 

rate can increase the fiber diameter, giving a coarser fiber morphology and decreasing the 

quality of the MB fiber mat. Zhang et al. [49] found that increasing the polymer throughput 

rate from 0.3 g/h/m to 1.5 g/h/m increased the PTT MB fiber diameter by around 20%.  

Xu and Wang [50] reported that air permeability, fiber diameter, area density and surface 

density (areal density) unevenness of PP fiber mats increases with the polymer throughput 

rate. They stated that an increase in the air permeability is due to the increased fiber diameter, 

and it leads to big pore sizes between the fibers; therefore, it results in good air permeability 

of the PP fiber mats. Guo et. al.[51] demonstrated that increasing polymer throughput rate 

increases PP (MFI= 1200 g/10 min at 230 °C, 2.16 kg) fiber diameter from 3 to 10.5 μm while 

porosity and fiber surface area are decreased from 90% to 75% and 1.5 m2/g to 0.5 m2/g (Figure 

2).  
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Marla and Shambaugh [52] concluded that lower polymer flow rates result in smaller fibers 

that cause the rapid cooling of MB isotactic polypropylene (iPP) fibers (MFI= 88 g/10 min at 

230 °C, 2.16 kg). It is because the lower thermal inertia of the thinner fibers increases the 

cooling rate. On the other hand, a lower polymer feed rate provides longer residence time in 

the extruder, which might cause the thermal degradation of the polymer. Nevertheless, 

various research groups reported that a decrease in the polymer flow rate leads to obtaining 

thinner fibers [48, 53]. 

 

Figure 2. Influence of polymer throughput rate on PP fiber mat porosity and surface area and average 

fiber diameter [51] 

2.1.2.2. Polymer melt and air temperature 

Increasing air temperature and melt temperature leads to a reduced polymer viscosity 

which increases the attenuation. The air drag generates a higher tension on the polymer 

between the processing temperature and the solidification temperature (that is, the 

crystallization temperature for semi-crystalline polymers that are typically used at melt 

blowing). However, the higher temperatures are not always favorable in the melt blowing 

with respect to the degradation of the polymer. In this regard, Drabek et al. [54] reported that 

an hour of residence time at the processing temperature (combined with a medium-high shear 

rate level) resulted in a nearly 40% decrease in the PP resin’s (MFI = 1200 g/10 min at 230 °C, 

2.16 kg) molecular weight due to chain scission.  

Bansal and Shambaugh [53] carried out a series of melt blowing experiments of PP (MFI = 

75 g/10 min at 230 °C, 2.16 kg) at different air temperatures with a custom melt blowing slot 

die. Their results show that increasing the air temperature causes an increase in the attenuation 

rate of the fiber and produces a thinner fiber (from 71.7 μm to 62.5 μm). Lee and Wadsworth 

[55] demonstrated that increasing the air temperature from roughly 210 °C to 240 °C led to a 

nearly 50% reduction in the average fiber diameter of iPP (MFI = 700 g/10 min at 230 °C, 2.16 

kg), where the smallest fiber diameter they obtained was around 5 μm.  Guo et al. [51] 
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investigated the relationship between the melt blowing process parameters and the PP fiber 

mat structure. They reported that the porosity of the PP fiber mat did not change with 

increasing air temperature from 300 to 330 °C despite the finding that increasing air 

temperature resulted in decreasing the average fiber diameter. On the other hand, Xie et al. 

[56, 57] reported that higher air temperature does not always produce fine fibers with even 

diameter distribution. This is because the air cools down very fast when it exits the die due to 

the low ambient temperature. This effect depends on the polymer melting temperature and 

the air-fiber temperature gradient towards the collector.  

Moore et al. [58] reported that the temperature of the melt blowing die (and therefore the 

melt) plays a crucial role in fiber attenuation and significantly affects fiber diameters and pore 

sizes. They found that increasing the die temperature from 250 °C to 300 °C decreases the 

average fiber diameter of the MB fibers by around 50% (from 12 to 6 μm). On the other hand, 

Marla and Shambaugh [52] reported that a further increase in polymer temperature would 

result only in a slight decrease in the fiber diameter.  

There are no reports on achieving greatly thinner fibers by simply increasing polymer or 

air temperature, which is possible because of the risk that high temperature is likely to cause 

thermal degradation. Nevertheless, the high temperatures can be considered for producing 

fine fibers as long as the extra production expenses are acceptable, and there is no oxidation 

of the polymer occur and no defects are formed, e.g., fiber fuse, fiber breakage, shot (Figure A. 

1, See Appendix). 

2.1.2.3. Air pressure (Airflow rate or air velocity) 

Air pressure and air velocity, which are related to the airflow rate, influence the 

morphology. In melt blowing, a higher air velocity results in a higher attenuation and a smaller 

fiber diameter. The compressed hot air used in melt blowing was revealed to be the major 

energy cost. Using very high air velocity might result in a fiber break up and short, fragmented 

fibers. This defect is often called fly. It occurs because of the strong cooling effect on the thinned 

fibers [38]. On the contrary, at too low air velocities, the polymer mostly would not form a 

fibrous mat but would fuse into a film-like body on the collector [59]. The increase of the air 

velocity, usually achieved by increasing the air pressure, can break up fibers and form fiber 

loose defects. It was reported that such instabilities cause the fiber jet to break with the increase 

of air pressure [30].  

Milligan and Haynes [60] worked on melt blowing of different types of PP (MFI varied 

between 500-900 g/10 min at 230 °C, 2.16 kg). They reported that a ratio of air to polymer mass 

fluxes (Γ) provides an approximate description of the fiber size for a wide range of processing 

conditions. They found that increasing Γ results in a decrease in the average fiber diameter of 

the MB fiber. On the other hand, increasing Γ broadens the fiber diameter distribution’s CV 

due to the increase in the turbulence of the airflow field. But, the fluctuation of airflow 

(turbulence) can decrease the evenness of the MB fiber mat [56]. 
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Higher air velocity attenuates the fibers more since the air exerts a higher forwarding drag 

force on the fibers. Uppal et al. [61] reported that the average diameter of the PP fibers 

produced by melt blowing pilot line was reduced by about 70 nm (from 590 nm to 520 nm) 

with the increase of airflow pressure from 70 to 140 kPa in the case of the die used. Milligan et 

al. [62] worked on the influence of an additional unheated airflow, namely crossflow, on the 

MB fiber morphology (Figure 3). They used two crossflow chambers placed parallel next to 

the melt blowing die. In their study, the influence of various crossflow angles, which is 

between spinline and slit (e.g., 45°, 20°, 10°) were investigated. They concluded that applying 

a crossflow can decrease the average fiber diameter of MB homo-polypropylene (hPP, MFI= 

800 g/10 min at 230 °C, 2.16 kg) fibers around 45% (from ~11 μm to ~6 μm) when the slit angle 

was 20°. 

 

Figure 3. The effect of crossflow; (a) schematic of the arrangement of crossflow chamber (b) the effect 

of crossflow on the fiber diameter based on throughput rate [62] 

 Xie et al. [56] concluded that the air velocity attenuates the fibers in their molten state. 

Otherwise, there is no contribution of high air velocity to fiber attenuation after the fiber is 

solidified. Therefore, the further increase in air velocity can cool the fiber faster; hence, the 

attenuation process slows. However, higher air pressure can translate the airflow regime from 

laminar to turbulent, and further increasing air velocity could increase the CV of fiber 

diameter, which is unfavorable [63]. Tan et al. [47] reported that increasing the airflow rate 

from ~147 l/min to ~272 l/min increased the CV of fiber diameter from 10% to 20%, while the 

fiber diameter decreased by around 40%. Choi et al. [64] found that the stiffness of the different 

grade homo-polypropylene (hPP) (MFI= 300-35-12.7 g/10 min at 230 °C, 2.16 kg) MB fiber webs 

decreased as the air pressure increased. They also reported that an increase in the air pressure 

causes a reduction in both fiber diameter and inter-filament (fiber fuse) bonding.  

Bresee et al. [65] reported that increasing air pressure reduces the size and the number of 

pores in MB fiber mats. Increasing air velocity also reduces the aspect ratio of pores. The 

reduction in pore size is attributed to the decrease in fiber entanglements and to the reduced 

fiber diameter as the airflow increases. Hammonds et al. [39] studied the influence of airflow 

rate (i.e., air pressure) and die-to-collector distance (DCD) on the pore size distribution of the 

PLA MB micro- and nanofiber mats. They found that increasing airflow rate and decreasing 
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the DCD reduced the PLA fiber mat pore size, as shown in Figure 4. They also reported that 

the tensile strength of the PLA microfiber and nanofiber mats increased with increasing 

airflow. Increased tensile strength of the PLA fiber mat is associated with the preferred 

molecular orientation by large air attenuation and fiber orientation onto the collector.  

In general, MB fiber mat thickness decreases with increasing air pressure. A decrease in 

fiber diameter with increasing air pressure results in longer collection times in order to achieve 

the same basis weight (i.e., areal density). Long collection time translates into more fibers and 

so thicker layers. Increasing air pressure causes decreasing mat thickness and makes smaller 

pores with higher packing density [39, 66]. 

 

Figure 4. Variation of the mean pore size with respect to airflow rate and DCD [39] 

Tyagi and Shambaugh [67] studied oscillating (whipping) air jets to produce PP (MFI = 

75 g/10 min at 230 °C, 2.16 kg) fibers by melt blowing. They found that oscillating air jets 

resulted in finer fibers than those produced using the classical, steady air jets. The attenuation 

of molten fiber jets in supersonic airflow created by a de Laval nozzle is effective for fine fiber 

production via melt blowing [56]. Tan et al. [68] studied the effect of increasing inlet air 

pressure in the melt blowing die and the effect of a de Laval nozzle attached to the die face. 

Increasing air inlet pressure leads to a transition from subsonic to supersonic flow at inlet 

pressures greater than approximately 1 bar. However, they observed that the de Laval nozzle's 

use suppresses compression waves sourced by the unstable airflow field that causes defect 

formation (e.g., fly) up to certain air pressure. The corresponding centerline air velocity 

increases with increasing air pressure until reaching supersonic flow, where the fiber spinline 

begins to oscillate. This phenomenon can lead to defects and probably significant whipping of 

the fiber jet. Violent vibrations can cause fiber breakage, shots and sticking [30]. However, Xie 

et al. [69] reported that the spiral path of whipping close to the die plays an important role in 

fiber attenuation. In general, increasing the air velocity can reduce the average MB fiber 

diameter. But it has not been favored by industries since it significantly increases the cost of 

production. 

The air pressure controls the fiber attenuation mechanism, the entanglements, the 

uniformity and also influences the defects of the fiber mats [70]. Besides, the higher air velocity 
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can lead to faster cooling of the forming fibers. A slight decrease in the crystalline fraction of 

the MB fibers is expected in the case of semi-crystalline polymers due to the rapid cooling of 

the polymeric fibers as a nature of the melt blowing techniques [71]. According to the 

literature, applying higher air pressures is suggested to achieve thinner fibers. However, air 

pressure has to be carefully controlled since higher air velocity can cause breakage of the spin-

line and result in a shot, fly imperfection and relatively larger fiber diameters due to fiber fuse 

[72]. 

2.1.2.4. Die to collector distance 

The DCD influences the fiber diameters since it correlates with the dwell time of the fiber 

attenuation. This results in changes in aerodynamic drag, jet whipping, fiber-fiber 

entanglements and fused bonds. Besides, as the fiber jet travels towards the collector, the 

molecules become oriented [73]. The typical DCD at melt blowing is between 50 - 500 mm. The 

DCD can have various effects depending on the material due to the intrinsic properties, i.e., 

crystallization behavior, molecular weight, relaxation time, etc. The average diameter of the 

fibers produced at a greater DCD tends to decrease due to the more time of the attenuation, as 

shown in Figure 5 [60, 72].  

 

Figure 5. Optical microscopic images of PP MB fibers produced at (a) DCD = 25 mm and (b) DCD = 50 

mm [57] 

Increasing DCD translates the fibers to travel longer distances, and that might result in 

altered crystallization kinetics, e.g., a change in the degree of crystallinity. However, higher 

DCDs may result in diminished interfiber adhesion and web strength originating from the 

lower fiber contact temperatures [74]. Feng [75] reported that increasing DCD decreases the 

PLA fiber mat web strength despite the thinner fiber produced at larger DCDs, as shown in 

Figure 6. Yesil and Bhat [34] reported that increasing DCD resulted in a looser PE (MFI = 

150 g/10 min at 190 °C, 2.16 kg) web structure and poor mechanical properties due to reduced 

fiber entanglement. 
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Figure 6. SEM images at DCD of (a) 75mm, (b),100mm (c) 200mm and (d) stress-strain curve of the 

PLA fiber mats collected at various DCDs [75] 

Increasing DCD results in fiber collection over a larger area. It also results in a softer, fluffier 

structure, thus, increasing DCD decreases fiber mat solidity [50, 76]. The effect of the increased 

deposition area is smaller than the effect of decreased fiber mat solidity, resulting in a thicker 

fiber mat. The mat thickness correlates to the packing density, which is a crucial factor in 

determining the pore size. Therefore, the mat thickness and packing density have to be 

optimized, and DCD is the key parameter. Slightly finer fibers at higher DCD can be obtained 

due to the deformation of hot uncrystallized fibers [61]. Chen et al. [77] obtained that PBT (MFI 

= 62 g/10 min at 250°C, 2.16 kg) fiber diameter decreased by 13% as the DCD increased from 

100 to 140 mm. However, they reported that the fiber diameter only decreases slightly when 

the DCD is larger than that. Uppal et al. [61] generated MB PP fibers and investigated the 

influence of relatively large DCD (250 mm to 350 mm) on the fiber mat characteristics. They 

produced PP fiber mat samples with the same areal density (~25 𝑔/𝑚2) while the mat thickness 

increased from 0.44 mm to 0.53 mm with increasing DCD. They found that the pore diameter 

decreases from 10.4 μm to 6.5 μm with an increase of DCD from 250 to 350 mm while the fiber 

diameter and air permeability of the fiber mats decrease slightly. The reduced pore size is 

related to a higher degree of fiber entanglements. This is because of the improved self-bonding 

of the thinner and continuous MB fibers. 

Choi et al. [64] reported that increasing DCD improves tenacity and decreases Young’s 

modulus of hPP (MFI= 300-35-12.7 g/10 min at 230 °C, 2.16 kg) fiber mats and results in 

increased elongation at break. Besides, they found that an increase in DCD reduces the 

bonding of the fibers (fuses) without much effect on the fiber diameter. Bresee and Qureshi 

[78] studied the effect of DCD on the diameter of MB PP (MFI = 1259 g/10 min at 230 °C, 2.16 kg) 
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fibers with commercial and experimental melt blowing lines. They found that the average fiber 

diameter decreases with the increase of DCD, but the influence is very weak. The average fiber 

diameter was reduced by nearly 11% for the experimental line and 15 % for the commercial 

line, with an increase of DCD from 200 to 800 mm. They also stated that the maximum fiber 

diameter and its CV increase with the increase of DCD due to the fusion of fibers.  

Lee and Wadsworth [55] studied the influence of processing parameters on melt blowing 

of iPP (MFI = 700 g/10 min at 230°C, 2.16 kg). They reported that decreasing DCD increases the 

degree of fiber entanglements but does not affect the average fiber diameter. On the other 

hand, as the DCD increases, the fibers are laid down with less air drag force, and the effect of 

air pressure is reduced. Also, air turbulence is high at the collector drum and longer DCDs 

allow the fibers to be laid down over a wider area, as shown in Figure 7 [76]. In the case of 

polyolefin polymer fibers like PP, lower DCD results in less time for fibers to contact one 

another. Thus, fibers become less entangled before reaching the collector. In addition, 

decreasing DCD results in increasing fiber separation in a high airflow and could reduce the 

number of fiber entanglements. 

 

Figure 7. Fiber flow in (a) horizontal (drum collector) and (b) vertical (flat conveyor belt) melt blowing 

line [79] 

Peng et al. [80] reported that increasing DCD resulted in an increase in the average diameter 

of MB PP (MFI = 800 g/10 min at 230°C, 2.16 kg) and PP/TPU (MFI = 73 g/10 min at 230°C, 

2.16 kg) fibers and decreased the CV. They also found that the elastic recovery rate and 

bulkiness (solidity or fiber packing density) increase and softness decreases while DCD 

increases. Another research group reported a similar result on MB TPU fiber mats, in which 

fiber diameters continuously increase with increasing DCD [81]. In this study, MB TPU fibers 

are found to be less entangled at shorter DCDs; however, the fibers collected on the rotating 

drum collector are oriented with increasing DCD instead of being randomly distributed. The 

different fiber diameter formation and attenuation mechanisms during the melt blowing 

process may have been due to the differences in the thermal and elastic relaxations of TPU 

compared to commonly used polyolefins such as PP. 
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The fiber formation mechanism and the fiber structure developments are highly dependent 

on the DCD, beyond doubt. In general, lower DCDs yield a thicker fiber diameter and lower 

porosity of the MB fibers. When DCD increases, fibers undergo higher attenuation, and 

therefore fiber diameter and porosity decrease, while too large DCDs might cause severe 

imperfections. However, thermoplastic elastomers exhibit phenomenologically different fiber 

formation mechanisms considering DCD conditions due to their thermal and elastic relaxation 

behavior (rubbery characteristics). Consequently, the structure and properties of MB fiber 

mats can be controlled and optimized through DCD.  

The melt-blowing is a rather complex process. The MB fiber morphology is very sensitive 

to melt and polymer temperature, polymer viscosity, polymer throughput rate, air pressure, 

air temperature and DCD. Table 2 summarizes the effect of these variables on the MB fiber 

mat characteristics and processability.  

Table 2. Effect of variables on basic MB fiber characteristics and processability  

Independent 

variable 

Dependent variable  

Average 

fiber 

diameter 

Average 

pore 

diameter/size 

Porosity 
Fiber mat 

strength  
Processability 

Polymer 

viscosity ↓ 
 ↓ ↑ -  

Polymer 

throughput 

rate ↓ 

 ↓ ↑ ↑ - 

Processing 

temperature 

(polymer and 

air) ↓ 

 ↑  ↓ - 

Air pressure 

(air velocity) ↓ 
 ↑ ↓  - 

DCD ↓  ↑ ↓  - 

- : minimal or no 

influence 

↓/↑: weak decreasing / 

increasing influence 

: strong decreasing / 

increasing influence 
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2.2. Fine fiber mats and their applications 

2.2.1. Fiber mats made of biopolymers and their derivatives 

Traditional, petroleum-based materials have been the norm in various domains and 

industrial applications due to their fair physical and mechanical properties and low cost. 

Plastic waste is one of the most debated global environmental aspects humankind faces 

nowadays. The tremendous and increasing amount of plastic waste has taken a toll on the 

environment [82]. A considerable proportion of plastic waste ends in the ocean, especially in 

developing countries, where the waste management is not adequately resolved [83, 84]. These 

concerns paved the road to the development of several biodegradable aliphatic polyesters at 

the end of the 20th century, including polylactic acid (PLA), poly(butylene succinate), (PBS), 

poly(ε-caprolactone (PCL), poly(3-hydroxy alkanoates) (PHA), poly(hydroxybutyrate) (PHB) 

[85-87]. Besides the various daily life products and applications, biodegradable synthetic fine 

fibers are also gaining attention.  

PLA is a compostable and bio-based polyester, first discovered in 1932 by Carothers, and 

after further refinements, Dupont patented the process [88]. PLA is a promising alternative to 

petroleum-based polymers used extensively in biopolymer production, and its market has 

grown in the last three decades. The current global production is estimated to be 0.5 million 

tons per year, contributing to the total bioplastics production by 18-20% [89].  

Many efforts have been made to unfold the biodegradation and decomposition of PLA and 

its derivatives, mainly for films or injection molded products. The main idea behind these 

efforts is to show carbon dioxide neutrality through biodegradation after their service life, 

contributing to solving the polymer waste disposal problem. Up to date, limited attention has 

been devoted to the degradation and decomposition of biopolymer-based nano- and micro-

fibrous structures. Fiber mats and related products global market rated $44.37 billion in 2017, 

and it is expected to reach a market value of $98.78 billion by 2026 [90]. Therefore, fiber mats 

and related products are potential risks for environmental pollution; therefore, it is necessary 

to understand their decomposition characteristics, recycling capabilities, etc.  

In this regard, Arrieta et al. [91] studied the disintegration of oligomeric lactic acid (OLA) 

plasticized PLA:PHB (1:3) blend electrospun fibers under lab-scale composting conditions. 

They found that OLA plasticizer speeds up the disintegration, while PLA:PHB fiber mats 

entirely disintegrated under composting conditions in less than 60 days. Recently, Wang et al. 

[92] developed a PLA single-use face mask via electrospinning (with an average fiber diameter 

of 37 ± 4 nm and tested its  biodegradability in composting soil. Their results showed that the 

PLA nanofiber filter had 99.996% particle capturing efficiency and low air resistance of 104 Pa, 

while the filter media fully disintegrated during outdoor soil burial in 150 days. Another study 

conducted by Choi et al. [93] reported a hierarchical filter media made of chitosan 

nanowhiskers coated poly(butylene succinate) (PBS) electrospun nanofibers. The developed 

filter media showed a 98% efficiency (PM2.5) and low-pressure drop (59 Pa), while it 

completely decomposed in the composting soil within a month. Dharmalingam et al. [94] 
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investigated degradation in the soil of commercial PLA, PHA, and PLA/PHA blend 

nonwovens made by melt blowing and spun bonding for agricultural mulch applications. 

They concluded that the melt-blown (MB) PLA/PHA nonwoven had a higher decomposition 

than that of SB nonwovens. They also reported that the average diameter of the MB fibers 

(15.3 ± 0.6 μm) was slightly thinner than that of the SB fibers (18.2 ± 0.6 μm), while blending 

almost doubled the average fiber diameter.  

2.2.2. Nanocomposite melt-blown fiber mats 

Polymeric fibers with nanoparticle additives have been extensively investigated for their 

broad application due to their unique properties, including good adhesion to substrates, high 

mechanical strength, electrical conductivity, thermal stability and many more [95].  A variety 

of nano additives can be mixed into the base polymer to enhance end properties, similar to 

other extrusion-based polymer processing techniques. In this regard, Zhu et al. [96] developed 

a high-efficiency air filter by incorporating TiO2/Ag nanoparticles into the composite 

nonwovens made of PET/PE spun-bonded (SB) - PP MB structure. They reported that the 

exposed TiO2 nanoparticles on the fiber surface generated positive hole–negative electron pairs 

to produce OH radicals and superoxide radical anion under UV light. This phenomenon 

results in oxidization (e.g., by O2 and·OH) of the volatile organic compounds and bacteria, 

finally degrades into CO2, H2O, and some nonhazardous molecules,  as shown in Figure 8. The 

nanocomposite fiber mat filters achieved 99.07% and 99.27% antibacterial removal rate under 

UV light against E. coli and S. aureus, respectively, while the pristine fibers only had a 20% 

efficiency.  

 

Figure 8. Mechanism schematic of simultaneous effect of composite nonwoven filter media for air 

pollutant removal and photocatalytic degradation of volatile organic compounds [96] 

Among the other nanoparticles, carbon nanotubes (CNTs) and their implementation got the 

great attention of both industry and researchers since their discovery in the late '90s. The 

performance of synthetic nano/submicron fibers might be enhanced by nanotube inclusion. 

For example, one might expect that the CNTs embedded within the fibers may boost the 

modulus and strength of these fibers. However, achieving uniform dispersion of the 

nanotubes in a polymer matrix is challenging, and poor dispersion can result in deteriorated 
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properties. This hampers the applicability of CNTs and other nanoparticles in actual industrial 

applications [97].  

The reinforcing effect of the nanomaterials is complex because they also change the 

crystallization kinetics, the polymer-additive interfaces and the polymer nanostructure. Hegde 

and Bhat [98] reported that nanoclay-doped PP melt-blown fiber mats showed high air 

permeability and low mechanical properties. The nanoclay resulted in a high crystal 

nucleation density which caused this difference. The crystallization rate of nano clay doped 

PP fibers was lower than that of the pristine sample. Hence, the fiber mat's mechanical 

properties significantly dropped in the presence of nano clay additives. Cao et al. [99] 

fabricated CNT/PP membranes with enhanced dielectric constant, mechanical properties, and 

hydrophobicity by melt electrospinning. In their study, CNTs (0.01 to 0.25 wt%) were first 

mixed with small amounts of paraffin liquid to enhance spinnability and improve CNT 

dispersion. The fiber diameter was in the range of 5-10 μm for the neat PP/CNT, while the 

addition of paraffin liquid slightly decreased fiber diameter. They reported that increasing 

CNT content caused severe defects and worsening of mechanical properties. 

 Krucinska et al. [100] prepared multi-walled carbon nanotube (MWCNT) doped (PLA) MB 

fiber mats to develop the MB fiber mats characterized by sensory properties to toxic solvent 

vapors. Their results showed that processing parameters played a crucial role in the fiber 

morphology and electrical conductivity. They reported that the surface resistivity of the 

nanocomposite fiber mat was as low as 2.3 x 106 Ω, while that of the pristine PLA was 

6.5 x 1012 Ω. 

2.2.2.1. Applications of nanocomposite MB fiber mats the structural composites 

The demand to improve the performance of fiber-reinforced composites, e.g., delamination 

resistance, fracture toughness, stiffness and heat resistance led to the development of 

nanotube-reinforced thermoplastic interleaving veils. Dydek et al. [101] generated MWCNT 

(7 wt%) doped copolyamid (coPA) MB fiber mats. They reported that the coPA/MWCNT MB 

fiber diameter was around 100 μm. It is worth mentioning that such a large fiber diameter is 

unfavorable for interleaving composite laminae because the advantage of the large surface-to-

volume ratio is lost. They studied the effect of interleaving MWCNT/coPA MB fiber mats on 

the carbon/epoxy composite's electrical, thermal and mechanical properties. Their results 

showed that the electrical volume conductivity increased by more than 200% with the 

MWCNT/coPA MB fiber mat interleaving, while composite laminae storage modulus 

decreased.  

All these studies prove that the nano- and submicron fiber interleaving and reinforcing 

enhance polymer composite laminae performance overall. In addition, incorporating 

nanoparticles showed great potential to advance fine fiber veils' morphological, thermal, and 

mechanical properties. However, the method of making nanocomposite fine fiber veils is 

limited to solution-based processing (e.g., electrospinning, solution blowing) yields low 

productivity. On the other hand, traditional nonwoven processing like spun bonding is also 
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limited because either the fiber diameter is over 10 μm or the processing requires multiple 

steps (e.g., spinning, web formation and bonding).  

2.2.3. Hierarchical composites made of fine fiber mats 

The recent advancements in polymer science and engineering made it possible to enhance 

composite material performance by using nano and submicron size fiber as reinforcement 

[102]. Fine fibers have a large specific surface area, high aspect ratio, high specific modulus 

and strength compared to conventional microfibers used as reinforcement in the fiber-

reinforced polymer composites (FRPCs) [103]. Recently, attention has been increasingly 

devoted to recycling components made from fiber-reinforced polymer composites [104]. This 

demand led to the development of single polymer composites (SPCs) (also known as self-

reinforced composites (SRCs) or all-polymer composites) [105, 106]. SPCs are a particular 

family of thermoplastic composite materials in which both the reinforcing fiber and the 

polymer matrix are from the same polymer family [107, 108]. Although the SPCs are not new, 

difficulties in processing and limited load-bearing ability and thermal performance still 

hamper SPCs' applicability in industrial utilization [109].  

The self-reinforcement technique was first introduced in the 1970s for PE [110] and was also 

reported by other researchers to be highly effective for other polymers such as PP [111] and 

PET [112]. The SPCs usually have no interfacial issues since the reinforcement and the matrix 

are chemically compatible [107]. Furthermore, SPCs can be completely remelted. When it 

comes to recycling, this property is a great advantage compared to the carbon or glass fiber 

reinforced composites, whose mechanical and thermal recycling is still challenging [113]. In 

the near future, these SPCs and MB fiber mats can significantly contribute to a wide range of 

applications, such as tissue scaffolds, filtering applications, membranes, sound absorption, 

and ductile & impact-resistant components. 

There is very limited work studied on fine fiber mat reinforced thermoplastic composites 

so far. However, electrospinning is the most utilized method of generating fine fiber mats to 

produce such composite structures. Lan et al. [114] developed heat-resistant and durable CF 

reinforced thermosetting polyimide (TSPI) composites interleaved with thermoplastic 

polyimide (TPPI) fiber mat (Figure 9). Their results showed that increasing the areal density 

of fiber veils translated a phase structure from a particulate phase to a bicontinuous TPPI and 

TSPI phase. They also reported that TPPI fiber mat interleaving (tested at 250 °C) enhanced 

the mode I and mode II fracture toughness of composite laminates by over 200% compared to 

the non-interleaved one.  
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Figure 9. A schematic of the preparation and testing of TPPI fiber veils interleaved CF/TSPI laminates 

and the influence of areal density and testing temperature on mode I and mode II fracture toughness 

[114] 

Somord et al. [115] investigated the mechanical and thermal properties of SPCs via hot 

compaction of PLA electrospun nanofibers. Their results demonstrated that neat PLA films 

showed a lower glass transition temperature (Tg) and a much lower degree of crystallinity than 

electrospun PLA fiber mats and PLA single-polymer nanocomposites (SPnC). In the case of 

PLA-SPnC, the crystallinity of all SR nanocomposites was increased (from 16% to 35-44%) 

without cold crystallization after hot compaction. The melting peaks of PLA SPnC were shifted 

to 156-157 °C from 149 °C. Their findings showed that the PLA SPnC’s tensile strength and 

elastic modulus improved by 55% and 14%, respectively, compared to the neat PLA film. The 

PLA nanofibers remained largely intact, and they acted as nucleating agents at the interface, 

resulting in higher tensile strength and stiffness. Matabola et al. [116] investigated the influence 

of PMMA nanofibers of different diameters and variable fiber contents (5 wt% and 10 wt%) on 

the dynamic mechanical properties of PMMA SPnCs. The stiffness of all the SPnCs was found 

to be higher than that of the neat PMMA matrix. They also reported that in the case of a 10 

wt% nanofiber loading of PMMA SPnCs stiffness and Tg increased by 83% and by 10 °C, 

respectively.  

Li et al. [117] prepared transparent nanocomposites made of PA-6 nanofibers and PMMA 

microfibers by self-blending co-electrospinning followed by hot pressing (Figure 10). 
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Compared to the pure PMMA sheet, tensile strength, modulus, and toughness of the 3% PA-

6 nanofiber reinforced PMMA composite was increased by 88%, 193%, and 125%, respectively, 

and better optical transparency. They found that the tensile strength and elastic modulus for 

the longitudinal loading direction of 1% PA-6 nanofiber reinforced PMMA composite was 

doubled compared to the transverse loading direction. 

 

Figure 10. (a) Preparation of fiber-hybrid via co-electrospinning of PA-6 and PMMA (b) SEM images 

of 1% PA-6/PMMA co-electrospun fiber-hybrids and (c) the production of PA-6/PMMA 

nanocomposites via hot pressing [117] 

In another study, Zhao et al. [118] prepared thermoplastic PBT composites reinforced with 

interleaved electrospun carbon and glass nanofiber mats between conventional glass and 

carbon microfiber fabrics. They developed a method to produce PBT thermoplastic composites 

through in-situ polymerization of cyclic butylene terephthalate (CBT) oligomer followed by 

hot pressing, as shown in Figure 11. 

 

Figure 11. Illustration of the method developed to produce the PBT composites reinforced with 

interleaved electrospun nanofibers [118] 

Their results show that introducing electrospun nanofiber mats between conventional 

microfiber fabrics increases interlaminar shear strength and impact absorption energy 

significantly compared to the neat (reference) PBT composite. Besides, the interlaminar shear 
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strength, flexural strength, flexural modulus, and work of fracture of the hybrid composites 

were enhanced by 32%, 25%, 19%, and 33%, respectively, compared to the control samples 

without nanofiber interleaving veil.  

Stachewicz et al. [119] prepared transparent PA-6 electrospun nanofiber reinforced PVA 

composites using a solution-based processing method. They found that the composites 

exhibited the highest failure stress by impregnating nanofibers generated by 16 wt% PVA 

solution (Figure 12 (a). They also reported that the ultimate tensile stress of the composite was 

739.86 ± 189.07 MPa compared to the pure PVA matrix and PA-6 electrospun nanofiber, which 

were 33.77 ± 8.07 MPa and 44.20 ± 5.06 MPa, respectively (Figure 12 (b)). This is because the 

impregnation of PVA within the nanofibers' porosity improves stress transfer between fibers. 

 

Figure 12. (a) The electrospun PA6/PVA nanocomposite apparent failure stress and (b) stress−strain 

curves obtained from tensile testing of electrospun PA6 nanofibers, PVA film and PA6−PVA matrix 

composites prepared with 16 wt% PVA solution concentration [119] 

The interfacial adhesion between the layers of reinforcing fibers and the matrix could 

significantly determine SPC's performance [120, 121]. In SPCs, the polymer's intrinsic 

properties, the fiber-matrix ratio, the lamina sequence and orientation, the consolidation 

pressure, the temperature, and the duration play an essential role in the interlaminar 

properties and, therefore, in the final products' thermal and mechanical properties [107, 122]. 

Interlaminar toughening approaches, including incorporating sub-phases into the interface 

between the reinforcement and the matrix, can overcome these obstacles [97, 123]. Among the 

other methods, incorporating nano- and submicron fiber interleaves can be feasible since only 

a small amount of such fine fibers may be sufficient to achieve improved interfacial adhesion 

[124, 125]. Up to date, the electrospinning method is commonly applied to produce fine fiber 

mats for this purpose [116, 126-128]. Recently, attention has been increasingly devoted to high-

throughput fine fiber mat manufacturing methods to produce such interleaves and related 

hierarchical structures. So far, there is a limited number of studies published on using fine 

fiber mats to improve the performance of SPCs. Wang et al. [128] prepared iPP electrospun 

fibers (davg=0.40 ± 0.18 μm, Tm=162.7 °C) and iPP matrix film (Tm≅158 °C) from the same iPP 

batch to produce PP-based SPC. They reported that the electrospun fibers act as a superior 
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nucleating agent that alters the crystal morphology by surface-induced crystallization of the 

iPP matrix. The reinforcing nanofibers formed a transcrystalline layer that led to superior 

interfacial strength between the reinforcing fiber and the matrix. Mijares et al. [129] produced 

PP SRCs using commercial woven fabric (Tm ≅ 173-178 °C), film (Tm ≅ 151 °C) and 

spunbond/melt-blown-/spunbond (SMS) nonwoven (Tm≅172 °C). They found that the tensile 

modulus, critical energy release rate, and Izod impact strength of the SPC made of woven 

fabric and SMS nonwoven enhanced by nearly 21%, 67%, and 44%, respectively, compared to 

the one made of woven fabric, film and SMS nonwoven. Vadas et al. [13] produced self-

reinforced PLA (SR-PLA) composites via hot compaction of PLA melt-blown nonwovens 

(dav=2-14μm) They investigated the effect of the thermal annealing on the morphological, 

thermal and mechanical properties of the PLA mat and SR-PLA composite. The crystallinity 

and tensile strength of the PLA mat increased with the thermal annealing (85 °C for 2 h) from 

26% to 55% and 7.4 MPa to 8.9MPa, respectively, whereas the elastic modulus of the PLA mat 

became much less than that of the non-annealed one. They reported that the tensile strength 

of the 30 s annealed PLA mat exhibited improved mechanical behavior than SR–PLA 

specimens composed of the non‐annealed fiber mat. The thermal treatment of the melt-blown 

PLA mat increased the tensile strength by about 47% (43 ± 9 MPa) in the case of the 30 s 

compacted SR-PLA composite.   

2.2.3.1. Fine fiber mats and hierarchical structures generated by additive manufacturing  

The interdisciplinary expansion of additive manufacturing (AM) has led to a growing 

demand for materials and technologies suitable for every possible implementation. Even 

though the pandemic caused a significant slowdown, the worldwide AM market for related 

products and services grew by 7.5% to 12.75 billion USD in 2020 [130]. Recent reports revealed 

that the AM industry was expanded by 19.5% in 2021 [131]. These findings suggest that further 

steady growth in the AM sector is inevitable. AM products become desirable when it adds 

value over parts made by conventional methods. In 2020, the final products made by AM were 

worth nearly 1.8 billion USD, up 23.9% from the year before, and it is expected to grow steadily 

[130]. Fused filament fabrication (FFF), also called fused deposition modeling (FDM), is one of 

the most popular AM methods due to its versatility, good value for money, and ease of 

maintenance [132]. In 2015, the FFF or melt extrusion (MEX) AM was defined by ISO/ASTM 

52900 as "An additive manufacturing process in which material is selectively dispensed through a 

nozzle or orifice" [133]. The FFF consists of melting the thermoplastic feedstock in the print head, 

and then the molten polymer is pushed through the nozzle at a desired volumetric flow. 

The use of the FFF to produce continuous nano-/microfibers has not been facilitated yet. In 

the last two decades, many research activities have been done to develop strategies for FFF 

printing of textile structures like nonwovens and nanofibers [134, 135]. In this regard, direct 

writing was developed using the fundamentals of AM by combining electrostatic fiber 

spinning with a controllable building plate in x-y cartesian coordinates [136]. It is rooted in 

traditional electrospinning, which is a technique that involves stretching a polymer solution 
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or melt into fine fibers under a high electric field and accumulating it on the counter electrode 

in the form of a randomly oriented fiber web [19]. The direct writing fundamentally differs 

from the FFF or other AM methods because it comprises a pulling of the polymer solvent or 

melts instead of pushing. Farer et al. [137-139] took an innovative approach to fabricate 

seamless textiles by coupling the melt-blowing with robotic fiber dispensing and assembly 

control. The robotic fiber assembly and control systems (RFACS) method is designed to 

deposit fiber mats onto a collector to form a randomly aligned fiber web in single-step 

processing. They produced PP fibers via traditional extruder and robotic controlling with an 

average diameter of around 10 μm.  

 

Figure 13. Robotic fiber assembly and control system (RFACS) [139] 

The current efforts are far from fulfilling these fibrous substrates' integration in a high-

throughput production system, safe (e.g., solvent evaporation, high voltage, etc.) and 

straightforward processing and implementation for many engineering structures and 

applications. The other issue is that generating such textile structures via the AM method is 

either expensive or requires advanced hardware besides processing difficulties that hinder 

their wide use. Continuous nano-/microfiber generating is still a great challenge with AM 

methods, particularly FFF, and it remains to be solved.  

2.3. Summary of the literature overview, goals 

An overview of various investigations on melt blowing, MB fibers and related fiber-

reinforced polymer composites have been presented. It is realized that the MB fiber properties 

and fiber mat performance are very sensitive to processing parameters. Up to date, both 

industry and academy put considerable effort into the development of the MB fiber mats for 

various applications. There are still many challenges for further optimization, end-product 

designing, characterization, and process modeling in practice despite the advances in the 

development of MB fiber mats. Even though many researchers have dealt with melt-blowing 

and related process dynamics, there is a lack of knowledge that analyzes fiber formation 
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mechanisms, crystalline structure, thermal and structural behavior of MB fiber mats, 

molecular structure development and thermal behavior accordingly. 

Current attention is devoted to the sustainability and recyclability of composite structures 

besides advancing their thermal and mechanical properties. These concerns in the composite 

research led to the development of SPCs. Although such structures are not new, difficulties in 

processing and limited load-bearing ability and thermal performance still hamper their 

applicability in industrial utilization. Incorporating nano- and submicron fiber interleaves can 

be feasible since only a small amount of such fine fibers may be sufficient to achieve high 

performance.  

The MB fibers performance of synthetic nano/submicron fibers might be enhanced by 

nanoparticle inclusion. One might expect that the nanoparticles embedded within the fibers 

may boost the modulus and strength of these fibers. However, achieving uniform dispersion 

of the nano inclusion in a polymer matrix is challenging, and poor dispersion can deteriorate 

properties. In this regard, developing fine fiber and composite manufacturing methods is 

demanded for future engineering applications. 

Many efforts have been made to unfold the biodegradation and decomposition of 

biopolymers and their derivatives, mainly for films or injection molded products. The main 

idea behind these efforts is to show carbon dioxide neutrality through biodegradation after 

their service life, solving the polymer waste disposal problem. Demands for lightweight, 

durable, porous, self-bonded and biodegradable technical nonwovens are unprecedentedly 

increased nowadays, yet their decomposition characteristics in water and compost are not 

unveiled. Even though many researchers have dealt with the degradation of biopolymer 

products, up to date, limited attention is devoted to the degradation and decomposition of 

biopolymer-based nano- and microfibrous structures. 

Recent polymer engineering and technology advancements provide potent tools for 

fabrication products and devices with complex geometries. Up to date, fiber spinning 

techniques and AM methods are expanded only with robotic control in the corresponding 

machine assembly for generating fibers. However, it remains unexposed to generate 

continuous thin fibers and integrate them with 3D printed structures via the FFF method. 

Although the precision of recent 3D printers and the quality of 3D printed objects have 

gradually improved so far, the 3D printing of fine fibers and related hierarchical structures 

with a single FFF apparatus remains a great challenge. 

Based on the literature overview, the objectives of this thesis are listed as follows: 

• To understand the relationship between melt blowing parameters and fiber 

morphology, fiber formation mechanisms, crystalline structure, thermal and 

structural properties. 

• To develop MB fiber mat reinforced SPCs and investigate the effect of fine fibers on 

the composite’s thermal and mechanical properties. 
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• To develop a method for producing high-performance SPCs with MB fiber mat 

interleaving veils without compromising recyclability, lightweight and 

straightforward processability. 

• To develop nanoparticle-doped MB fibers with enhanced thermal and mechanical 

properties and apply them as interleaving veils for producing high-strength SPCs.  

• To develop biopolymer-based MB fine fiber mats and test their decomposition 

characteristics in water and composting soil. 

• To develop a new method of making synthetic fibers and hierarchical structures via 

FFF technology for advanced engineering applications and demonstrate its 

feasibility for controlling fiber properties.   
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3. MATERIALS AND METHODS 

This chapter introduces the materials used, the equipment, processing techniques and 

related processing parameters employed in the research work. In addition, it briefly outlines 

the characterization and test methods for fine fibers, polymer compounds and composite 

materials used.  

3.1. Materials 

Borealis HL712FB type homopolymer polypropylene (hPP, MFI = 1200 g/10 min at 230 °C, 

2.16 kg, Tm = 160 °C, Mw = 125,700 ± 1,700 g/mol [140]) was used for the preparation of fiber 

mats and a compression molded sheet used as reference (see Chapter 3.5).  

I prepared fiber mats using Borealis HL512FB type PP homopolymer (MFI= 1200 g/10 min 

at 230 °C, 2.16 kg), Tm = 158 °C) for hot compaction (see Chapter 3.6).  

HL912FB type PP homopolymer (Borealis, Austria) was used to prepare fine fiber mats via 

melt blowing (see Chapter 3.7). A plain-woven PP fabric (Tiszatextil Kft., Hungary) with an 

areal density of 200 g/m2 (tape count: 5/cm (warp), 4.2/cm (weft)) was used as the composites' 

primary reinforcement. I used a low modulus isostatic PP (LiPP, L-MODU S401, Idemitsu, 

Japan) (10 wt%) and a random copolymer PP (rPP, RJ470MO, Borealis, Austria) (90 wt%) for 

producing matrix film (see Chapter 3.7). The constituent material properties taken from the 

manufacturer data sheets are given in Table A. 12 (See Appendix).  

HL912FB type PP homopolymer (Borealis, Austria) and LiPP were blended in a mass ratio 

of 9:1 for the preparation of fine fiber mats via melt blowing (see Chapter 3.8). A commercially 

available multiwalled carbon nanotube (MWCNT) Nanocyl™ NC7000 (Nanocyl S.A., Belgium) 

material was used to prepare PP/MWCNT compound for melt blowing. I also used LiPP 

(10 wt%) and an R1059A (90 wt%) random PP copolymer (MOL Petrolkémia Zrt., Tiszaújváros, 

Hungary) for making a matrix film. The PP resin’s properties taken from the technical data 

sheets the resin manufacturers provide are given in Table A. 16. 

PDLA homopolymer (Total Carbion, Luminy® D070, MFI: >100 g/10 min at 190 °C, 2.16 kg) 

and PLLA homopolymer (Total Carbion, Luminy® L105, MFI: 70 g/10 min at 190 °C, 2.16 kg) 

resins were used for the preparation of fine fiber mats via melt blowing (see Chapter 3.9). All 

PLA resins used in this study were dried in a WGL 45B oven (Huanghua Faithful Instrument, 

China) at 100 °C for 4 hours prior to processing.  

3.2. Melt blowing setup used  

For the melt-blowing experiments, a custom laboratory unit was built. A custom dual-slot 

melt blowing die (Figure 14 (a/7) and Figure 14 (b)) was mounted to a LE8-24C type single-

screw laboratory extruder (Figure 14 (a/6)) (LabTech, Thailand). The extruder had a single 

screw with 8 mm diameter and 24 L/D ratio screws. The die had 40 fiber-forming capillaries, 

330 μm diameter each, arranged in a single row (Figure A. 2, See Appendix). The temperatures 

of the four (2 in parallel-2 in serial) inline heaters (AHP-7562, Omega, UK) (Figure 14 (a/9)) 
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were measured in line with two, K-type, in-line nozzle thermocouples. The hot air temperature 

was controlled by a PID controlling unit Figure 14 (a/4)). Besides the air heating, the die itself 

was heated by cartridge heaters. An RTD Pt100 sensor and a PID control unit were used to 

heat up and control the temperature of the die (Figure 14 (a/5)). The collector was a drum with 

a diameter of 200 mm (Figure 14 (a/1)). A pulse-width-modulation (PWM) unit sets its rotation 

speed, provided by a DC motor (Figure 14 (a/3)). The collector's rotation speed was measured 

by a tachometer (Xinsite Digital Tachometer, China).  

 

Figure 14. Experimental melt blowing setup; (a) 1: collector drum, 2: linear guide for DCD adjustment, 

3: collector motor controller, 4: air temperature controller, 5: die temperature controller, 6: extruder, 

7: melt blowing die, 8: air pressure regulator, 9: air heaters; (b) melt blowing die parts 

3.3. Extruders and auxiliary equipment used  

I used a twin-screw (counter-rotating) extruder (Labtech LE 25–30/C, Thailand) for 

compounding PP and PLA resins. The extruder was equipped with 26 mm diameter, 44 L/D 

screws. The extruder was equipped with a double-orifice extruder die. I used an LZ-120/VS 

granulator (Labtech, Thailand) to chop filaments into 1-3 mm pellets.  

I used an LF-400 type laboratory extruder followed by a small sheet film line (LabTech 

LCR300, Thailand) for producing thin films. This extruder has a single 25 mm diameter, 30 L/D 

screw. The extruder was equipped with a 200 mm wide coat hanger type die. 

3.4. The hot press used to produce single-polypropylene composites 

I used a Polystat 300S type hydraulic hot press (Maschinenfabrik Fr. Schwabenthan & 

Gomann, Germany). The hot press platen size was 300 x 300 mm. The hot press temperature 

was controlled by PID controlling units with a measuring accuracy of ± 2°C. The cooling 

system consisted of circulating water in the upper and lower platens.  

 



Yahya Kara   Ph.D. Thesis 

29 

3.5. Manufacturing fine polypropylene fiber mats for revealing the process–structure-

property relationships  

3.5.1. Melt blowing parameters 

I did a systematic and comparative investigation on the structure of PP fibers generated 

using different processing conditions via melt blowing. I used HL712FB type hPP for 

generating fiber mats (See Chapter 4.1). The die and extruder temperatures were kept constant 

and set to 225 °C. The hot air temperature was set between 125 to 300 °C. Various air pressures 

were set in the range of 1-2.5 bar. The circumferential velocity of the drum collector was 

calculated and varied between 12-105 m/min. The extruder screw speed was set constant at 

1 rpm. The variable DCD (50-500 mm) was used. The sample processing time was 10 min. I 

prepared a design of experiments for systematic and comparative investigations given in Table 

3.  

3.5.2. Producing reference polypropylene sheet via compression molding 

I produced sheets of HL712FB type hPP to analyze its molecular structure with MB fibers 

produced with the same polymer (See Chapter 3.5.1). 50 g of hPP was melted in a 55 cm3 

Brabender internal mixer (Brabender Plasti-Corder, Brabender GmbH & Co. KG, Duisburg, 

Germany) equipped with counter-rotating mixing elements, operating at 50 rpm for 10 min at 

200 °C. The resulting material was subsequently hot-pressed in a laboratory press (Teach-Line 

Platen Press 200E, Dr. Collin GmbH, Munich, Germany) at 225 °C for 10 min under a pressure 

of 2.8 MPa applied on square plates of 140 × 140 mm. With the method used, I obtained a 

0.8 mm thick h-PP sheet.  

3.6. Manufacturing hot-compacted single-polypropylene composites made of melt-

blown fiber mats 

3.6.1. Melt blowing parameters 

I prepared fiber mats using Borealis HL512FB type hPP for generating hot compacted 

single-PP composites. The die and extruder temperature was constant and set to 250 °C. The 

temperature of the pressurized air (1.4 bar) was set to 200 °C. The DCD was set to 150 mm. A 

drum with a diameter of 160 mm and rotation speed of 60 rpm was used as the collector and 

the sample processing time was 10 min. 
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Table 3. Experimental design for melt blowing parameter study 

DCD tests 

DCD 
Air temperature 

[°C] 

DCD 

[mm] 

Collector 

speed [m/min] 

Air pressure 

[bar] 

1 275 50 12.5 2 

2 275 100 12.5 2 

3 275 150 12.5 2 

4 275 200 12.5 2 

5 275 300 12.5 2 

6 275 400 12.5 2 

7 275 500 12.5 2 

Air pressure tests 

P-A 
Air temperature 

[°C] 

DCD 

[mm] 

Collector 

speed [m/min] 

Air pressure 

[bar] 

1 275 150 12.5 1 

2 275 150 12.5 1.5 

3 275 150 12.5 2 

4 275 150 12.5 2.25 

5 275 150 12.5 2.5 

Air temperature tests 

T-A 
Air temperature 

[°C] 

DCD 

[mm] 

Collector 

speed [m/min] 

Air pressure 

[bar] 

1 125 150 12.5 2 

2 200 150 12.5 2 

3 225 150 12.5 2 

4 250 150 12.5 2 

5 275 150 12.5 2 

6 300 150 12.5 2 

Collector speed tests 

C-S 
Air temperature 

[°C] 

DCD 

[mm] 

Collector 

speed [m/min] 

Air pressure 

[bar] 

1 275 150 0 2 

2 275 150 12.5 2 

3 275 150 35.2 2 

4 275 150 57.8 2 

5 275 150 80.4 2 

6 275 150 105.5 2 
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3.6.2. Hot compaction and related process parameters  

I produced single-PP composites by hot compaction with a hot press (See Chapter 3.4). I 

laid one nonwoven strip in a U-shaped metal mold. The length and width of the mold were 

300 mm and 15 mm, respectively. The samples were compression molded for 15 s with a 

compression pressure of 3 MPa (on the sample). One set of the samples was cold-pressed (in 

this case, the room temperature was 28.8 °C), then I made samples with hot compaction at 

three different temperatures: 125, 135 and 145 °C. The thickness of the hot compacted samples 

was around 0.69±0.14 mm.  

3.7. Manufacturing hierarchical single-polypropylene composites interleaved with melt-

blown polypropylene fiber mats 

3.7.1. Producing polypropylene blend film for the matrix  

I produced a PP blend made of 10 wt% LiPP and 90 wt% rPP (RJ470MO) with a twin-screw 

extruder (See Chapter 3.3). The extrusion temperature was set to 170°C-170°C-180°C-180°C-

185°C-185°C-190°C-190°C-200°C-200°C (from hopper to die). Feeder speed and screw rotation 

speed were set at 10 rpm and 40 rpm, respectively.  

I used LiPP to enhance the PP film flowability (e.g., decreasing viscosity) when SPCs 

produced via film stacking. Thin films of the PP blend were prepared with an LF-400 type 

laboratory extruder followed by a small sheet film line (See Chapter 3.3). The extruder screw 

rotation speed was set to 50 rpm. The extrusion temperature was set 180°C-185°C-190°C-

195°C-200°C (from hopper to die). The die slit distance was set at 0.5 mm. The flat film take-

up cylinder (Ø145) temperature and pulling speed were set to 70 °C and 10 rpm, respectively. 

The speeds of the lower (Ø72.5) and upper (Ø72.5) take-off rolls were 2 and 2.8 rpm, 

respectively. The thickness of the film produced was 70 ± 5 μm. 

3.7.2. Melt blowing parameters  

I produced fiber mats using HL912FB hPP for preparing an interleaving veil for making a 

single-PP composite. The die and extruder temperatures were set to 225 °C. The air 

temperature and pressure were set at 275 °C and 2.5 bar, respectively. The extruder screw 

speed was set at 1 rpm. Collector drum circumferential velocity was set at 28 m/min. The DCD 

was set to 400 mm. The collector drum was covered with the woven PP fabric, and MB fiber 

mats were collected directly onto those, as shown in Figure 15. 
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Figure 15. The experimental setup with collecting MB fibers onto the woven tape; (a) Scanning 

electron microscopic (SEM) image of the cross-section of fiber mats collected onto the woven fabric, (b) 

magnified optical image of the fiber formation and (c) the melt blowing process  

3.7.3. Film stacking and related process parameters 

The aim was to determine the effects of interleaving on thermal, mechanical and 

morphological properties of the SPCs and therefore, various specimens were created. The 

blend film (See Chapter 3.7.1) (F) was used as a matrix, while woven fabric (W) was the 

reinforcement for the single-PP composite sheets. It was compared with the composites that 

are interleaved with the MB fiber mat (F/MB/W). The composite stack consisted of 6 layers of 

film (F) and 5 layers of woven fabric (W), while those composites interleaved with MB fiber 

mat (MB) had 4 layers of fiber mat distributed in between the film and the woven fabric. I also 

made a W/MB sample without any film. The layer order of the composites is illustrated in 

Figure 16. The composite sample names in this regard are abbreviated and given in Table 4; 

The composite sheets were produced by film-stacking with a Polystat 300S hydraulic hot 

press (see Chapter 3.4). The compression mold consisted of two matching AlMgSi1 halves 

(Figure A. 15, see Appendix) with a cavity size of 180 x 100 (length x width) mm2. As shown 

in Figure A. 15 (a) (see Appendix), the layered stack was placed into this mold and then put 

into the hot press set at the designated molding temperature (i.e., 150, 155, 160 °C). After 

closing the mold, it was kept for 30 s without pressure to equilibrate the temperature. Then 

the compression molding pressure was set at 5 MPa (actual pressure on the specimen) while 

the holding time was fixed at 120 s. SPC sheets had a thickness of 1.9 ± 0.1 mm. The PP woven 

fiber, PP MB fiber and matrix film content of the produced composites are given in Table 4.  
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Figure 16. Demonstration of the MB fiber mat and woven fabric interface and the representative 

single-PP composite stacking sequence 

Table 4. The single-polymer composite samples prepared 

Stack description 

Woven fabric 

content 

[wt%] 

Fiber mat 

veil content 

[wt%] 

Processing 

temperature 

[°C] 

Sample code 

Film + woven fabric 74 ± 1 - 

150 ± 1 150 F/W 

155 ± 1 155 F/W 

160 ± 1 160 F/W 

Film + woven fabric 

interleaved with melt-blown 

fiber mat veil 

74 ± 1 4±1 

150 ± 1 150 F/MB/W 

155 ± 1 155 F/MB/W 

160 ± 1 160 F/MB/W 

Woven fabric + melt-blown 

fiber mat veil 
96 ±1 4±1 155 ± 1 155 MB/W 

3.8. Manufacturing single-polypropylene composite interleaved with MWCNT doped 

polypropylene fine fiber mat  

3.8.1. Producing MWCNT-doped polypropylene blends  

To provide fairly good MWCNT dispersion and distribution by melt infiltration (e.g., low 

viscosity), I produced the masterbatch with high LiPP (MFI: 2600 g/10 at 230 °C, 2.16 kg) 

content. A PP/MWCNT nanocomposite masterbatch was produced with an MWCNT 

concentration of 5 wt% and with 47.5 wt% LiPP and 47.5 wt% hPP. After that, I diluted the 

masterbatch to MWCNT concentrations of 0.05, 0.1, 0.25, 0.5 and 0.75 wt% with LiPP and hPP 

in a mass ratio of 1:9. Even though the LiPP and hPP contents were slightly different for the 

compound and the masterbatch, the difference, in the end, was negligibly small. A PP blend 

was also prepared with a composition of 10 wt% LiPP and 90 wt% hPP for generating reference 

PP MB fibers.  
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I used a twin-screw extruder (See Chapter 3.3), and the extrusion temperature was set to 

160°C-160°C-160°C-170°C-170°C-170°C-180°C-180°C-190°C-190°C (from hopper to die). 

Feeder speed and screw rotation speed were set at 7.5 rpm and 30 rpm, respectively. 

3.8.2. Producing polypropylene blend film for the matrix  

For PP matrix film, a PP blend made of 10 wt% LiPP and 90 wt% rPP (R1059A) was 

produced with a twin-screw extruder (See Chapter 3.3). The extrusion temperature was set to 

170°C-170°C-180°C-180°C-190°C-190°C-195°C-195°C-200°C-200°C (from hopper to die). 

Feeder speed and screw rotation speed were set at 15 rpm and 60 rpm, respectively.  

I prepared the PP blend thin films to use as a matrix in SPCs manufactured by film-stacking. 

I used the extruder and flat film line introduced in Chapter 3.3.  The slit distance was set at 

0.4 mm. The speeds of the lower (Ø72.5 mm) and upper (Ø72.5 mm) take-off rolls were 4 and 

3.4 rpm, respectively. The screw rotation speed was set to 40 rpm. The extrusion temperature 

was set 180°C-185°C-190°C-195°C-200°C (from hopper to die). The flat film take-up cylinder 

(Ø145 mm) temperature and pulling speed were set to 70 °C and 20 rpm, respectively. The 

thickness of the film produced was 60 ± 5 μm.  

3.8.3. Melt blowing parameters  

I produced MWCNT doped PP (See Chapter 3.8.1) fiber mats (0, 0.05, 0.1, 0.25, 0.5 and 

0.75 wt%) to investigate the MWCNT effect on fiber mat morphology, thermal and mechanical 

properties. The die and extruder temperatures were set to 250 °C. The air temperature and air 

pressure were set at 285 °C and 2 bar, respectively. The extruder screw speed was set at 5 rpm. 

The DCD was set to 300 mm. The drum's circumferential velocity was set at 28 m/min. The 

sample processing time was 5 min. 

3.8.4. Film stacking and related process parameters 

The aim was to determine the effects of PP/MWCNT fiber mat interleaving on the single-

PP composite performance. I used an 0.1 wt% MWCNT doped PP MB fiber mat (nanoPPMB). 

The blend film (See Chapter 3.8.2) (F) was used as a matrix, while woven fabric (W) was the 

reinforcement for single-PP composite laminates. The reference SPC (F/W) stack consisted of 

7 layers of PP film (F) and 6 layers of woven fabric (W), while those SPCs interleaved with 

PPMB (F/PPMB/W) and nanoPPMB (F/nanoPPMB/W) fiber mats had 5 layers of fiber mat 

distributed in between the film and the woven fabric (Figure 17).  
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Figure 17. Schematic diagram of the SPC production process 

I used the same hydraulic press, mold and settings for producing composites explained in 

Chapter 3.7.3.  The layered stack was placed into this mold and then put into the hot press set 

at 154 °C (Figure 17). The thickness of the SPC sheets was 2.35±0.1 mm. The PP woven fiber, 

PP MB fiber and matrix film content of the produced composites are given in Table 5. 

Table 5. The single-polymer composite samples prepared 

Stack description 
Woven fabric 

content [wt%] 

Fiber mat veil 

content [wt%] 
Sample code 

Film + woven fabric 77 ± 1 - F/W 

Film + woven fabric interleaved with 

pristine melt-blown fiber mat veil 
81 ± 1 5 ± 1 F/PPMB/W 

Film + woven fabric interleaved with 

0.1 wt% MWCNT doped melt-blown 

fiber mat veil 

80 ± 1 4 ± 1 F/nanoPPMB/W 

3.9. Manufacturing Stereocomplex poly(lactic acid) fiber mats  

3.9.1. Producing Stereocomplex poly(lactic acid) blends 

I produced a stereocomplex PLA via melt stereocomplexation using L and D enantiomers. 

I  mixed PLLA and PDLA in a weight ratio of 0:1 (PLLA), 3:1 (3D1L), 1:1 (1D1L), 1:3 (1D3L), 

and 1:0 (PDLA) by dry mixing. I used a twin-screw extruder (See Chapter 3.3) and the 

extrusion temperature was set to 220°C-220°C-225°C-225°C-225°C-230°C-230°C-235°C-235°C 

(from hopper to die). Feeder speed and screw rotation speed were set at 15 rpm and 60 rpm, 

respectively.  
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3.9.2. Melt blowing parameters 

I generated various stereocomplex and homocrystalline PLA MB fibers to test their 

decomposition characteristics in water and soil compost. The die and extruder temperatures 

were set to 240 °C. The air temperature and pressure were set at 250 °C and 2 bar, respectively. 

The extruder screw speed was set at 1 rpm. The DCD was set to 200 mm. The drum's 

circumferential velocity was set at 28 m/min. The sample collection time was 10 min for all the 

compositions.  

3.10. Characterization methods 

3.10.1. Scanning electron microscopy (SEM) 

The morphology of fiber and composite samples was observed using scanning electron 

microscopy (SEM; JEOL 6380 LA, Japan). I pasted samples onto metallic studs with double-

sided conductive tape. The surface of the fiber mat and composite samples were finely coated 

using a JEOL JFC-1200 (Jeol Ltd., Japan) fine coater with gold (Au) in order to avoid their 

charging. I measured 100 fibers for each sample to analyze the melt-blown fiber diameter and 

pore size distributions. I used ImageJ 1.51k (WS Rasband, National Institutes of Health, USA) 

software for this measurement.  

3.10.2. Characterization of fiber mat physical properties: fiber orientation measurement, 

density, porosity and pore size measurement 

3.10.2.1. Density, porosity and pore size measurement 

The bulk density of each fiber mat was determined by measuring the mass and taking the 

dimensions with digital calipers (Fowler Promax, USA). Samples were cut to 40x20 mm 

rectangles. The fiber mat thicknesses were measured using a micrometer (Louis Schopper 

Leipzig, Germany) with a precision of 0.01 mm. The density of the raw polymer was 

determined based on the Archimedes principle in methanol (Vegyszer Kereskedelmi Kft., 

Hungary) at 23 °C according to EN ISO 1183-1 by using a Sartorius Quintix 125D-1CEU 

(Sartorius, Germany) semi-micro scale. The fiber mats' porosity (P) and solidity (S) were 

determined using Equations 1-3.  

 𝜌𝑓,𝑚 =
𝑚𝑓,𝑚

𝑣𝑓,𝑚
 [𝑔 𝑐𝑚3⁄ ] (1) 

  𝑃 = (1 −
𝜌𝑓,𝑚

𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟
 ) 𝑥 100 [%]  (2) 

  𝑆 = (1 − 𝑃) 𝑥 100[%]  (3) 

where, 𝜌𝑓,𝑚 is the fiber mat bulk density, 𝑚𝑓,𝑚is the fiber mat mass, 𝑣𝑓,𝑚is the volume of 

the fiber mat, 𝜌𝑃𝑜𝑙𝑦𝑚𝑒𝑟 is the bulk polymer density, 𝜌𝑎 is the areal density, 𝑡𝑓,𝑚 is the fiber mat 

thickness.  

The PP MB fiber mats' pore size was determined using image analysis, as shown in Figure 

18. I tested five samples for each group. Five different images were captured for each fiber mat 
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sample. I considered 500 pores for each sample to analyze the MB fiber mat average pore size 

distributions. Xu [157] has applied a similar method for the pore size analysis of nonwovens. 

The feret diameters were automatically measured from the SEM images taken for each fiber 

mat using ImageJ 1.51k software. 

 

Figure 18. A step-by-step illustration of the pore size measurement by image analysis method. (a) the 

actual optical image of the fibers collected, (b) SEM image of the fibers, (c) automatic detection of the 

pores by color threshold analysis, (d) the pore map created by the software 

3.10.2.2. Fiber orientation measurement  

The Fast Fourier Transformation (FFT) method-based approach of ImageJ software 

transforms the greyscale intensity domain to a frequency spectrum as a function of the spatial 

variation in pixel intensities. With this aim, I examined the SEM images of the samples. I used 

the FFT function to convert the information contained in the SEM image from a “real” domain 

into a mathematically defined “frequency” domain. I generated an FFT frequency spectrogram 

from the SEM images taken. On the FFT image, I used the Oval Profile (a plugin supported by 

ImageJ software) function to sum up the amplitude value in the radial direction between 0 and 

360° on the selected projection area. I tested the peaks related to the main fiber directions from 

the obtained spectra. I examined the degree of orientation of the MB fiber mats produced by 

using Hermans’ orientation factor (f) as defined in Equation (4) and Equation (5) [141].  

 𝑓 =
3⟨𝑐𝑜𝑠2ϕ⟩−1

2
 (4) 

 〈𝑐𝑜𝑠2ϕ〉 =
∑ 𝐼(ϕ)𝑐𝑜𝑠2ϕ𝑠𝑖𝑛ϕ90°

ϕ=0°

∑ 𝐼(ϕ)𝑠𝑖𝑛ϕ90°
ϕ=0°

 (5) 

where ϕ is the azimuthal angle, and I(ϕ) is the grey intensity along the angle ϕ. f ranges from 

0 to 1, suggesting random orientation to alignment parallel to the fiber flow direction (e.g., 
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machine direction). Hermans’ factor defines the perfect orientation along the preferred 

direction when the f equals 1 (ϕ = 0°), while the f equals 0 if fibers are randomly oriented. The 

f equals -0.5 (ϕ = 90°) if the fibers are oriented perpendicular to the preferred direction.  

3.10.2.3. Statistical methods 

I investigated the fiber distributions using the arithmetic mean method (Equation 6). The 

standard deviation (SD) and 95% confidence interval (CI) were calculated by using Equations 

(7) and (8), respectively. The relation between the fiber diameter distributions and the 

independent variable (e.g., air pressure, DCD, nozzle diameter, half-cone opening angle) was 

investigated. 

 �̅� =
1

𝑛
∑ 𝑥𝑖

𝑛
𝑖=1  (6) 

 𝑆𝐷 = √
∑(𝑥𝑖−�̅� )2

𝑛
 (7) 

 𝐶𝐼 = �̅�  ± 𝑧
𝑆𝐷

𝑛
 (8) 

where, �̅� is the average, n is the sample size, and z is the confidence level value.  

3.10.3. Characterization by wide-angle X-ray diffraction (WAXD) 

The crystal structure of the PP fiber and compressed PP sheet samples was investigated by 

X-ray line profile analysis. The XRD patterns were measured by an RA-MultiMax9 (Rigaku, 

Japan) rotating anode diffractometer using CuKα1 radiation with a wavelength of λ = 0.15406 

nm. I analyzed the distance between the lattice planes and the corresponding Miller indices 

[hkl] of the main Bragg reflections relative to the α, β, γ and mesomorphic forms of isotactic 

PP according to the literature data [142]. The related analysis method by the Scherrer and 

Bragg equations. I analyzed the crystallite size (𝐿) of a given reflection by using the Scherrer 

equation (Equation 9) while the distance between lattice planes (d) was calculated by Bragg´s 

law (Equation 10) 

 𝐿 =
𝐾 𝜆

𝛽 cos 𝜃
  (9) 

 𝑑 =
 𝜆 

 2 𝑠𝑖𝑛 𝜃
 (10) 

where K is the Scherrer constant (0.89), λ is the X-ray wavelength, θ is the diffraction angle of 

the [hkl] reflection and β is the full width at half max (FWHM). 

3.10.4. Characterization by differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA) 

The thermal properties of the polymer granules (e.g., pristine blends), the MB fibers, the 

films and the composites were studied by differential scanning calorimetry (DSC) with a 

Q2000 DSC (TA Instruments, USA) device. The tests were performed in an inert atmosphere 

(N2; 50 ml/min purge flow rate) at a temperature range of -50 to 220 °C for PP with a heating 

and cooling rate (heat ramp) of 10 °C/min, while the temperature range was 0 to 250 °C for 

PLA with a heating and cooling rate (heat ramp) of 5 °C/min. The degree of crystallinity (𝜒) of 
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the fibers was determined based on Equation 8. 207 J/g, 97 J/g [143] and 147 J/g [144] were 

considered for the heat of fusion of the 100% crystalline (∆𝐻𝑚
0 ), h-PP, homocrystal PLA and 

stereocomplex PLA, respectively, in the analysis (Equation 11): 

 𝜒 =  
∆𝐻𝑚−∆𝐻𝑐𝑐 

∆𝐻𝑚
0 × 100 [%] (11) 

where, ∆𝐻𝑚 is the experimental heat of fusion and ∆𝐻𝑐𝑐 is the experimental cold crystallization 

obtained by the DSC scans.  

The deconvolution method for overlapped DSC curve was employed using the peak 

analysis of the data processing software OriginPro 2018 (Light Stone, Tokyo, Japan). A 

baseline was determined based on the DSC data in the first step. Then, the curves obtained by 

subtracting the baselines from the DSC curves were deconvoluted. A gaussian peak function 

was employed to obtain an optimum fit for separating peaks. 

To characterize the fibers and composite's thermal characteristics, TGA was performed 

using a TA Instruments (USA) thermogravimetric analyzer TGA Q500 between 50 °C and 

600 °C at a heating rate of 10 °C/min under nitrogen purge flow (60 ml/min). 

3.10.5. Rheology tests 

The shear viscosity of the pristine (0 wt%) and MWCNT doped (0.1, 0.25, 0.5 and 0.75 wt%) 

PP resins were measured with a capillary rheometer (Instron 13 Ceast SR20). The testing 

temperature was set to 180 °C. I measured the shear viscosity in the 100-7,500 1/s shear rate 

range, using a capillary with a length and diameter of 20 mm and 1 mm, respectively.  

3.10.6.  Characterization of mechanical properties 

3.10.6.1. Tensile tests 

3.10.6.1.1. Fiber mat tests 

I prepared rectangular samples in 40 mm x 10 mm. The tensile properties of the fiber mats 

were tested at room temperature with a Zwick Z005 (Zwick, Germany) type universal tensile 

tester equipped with a 20 N load cell.  The gauge length was set to 20 mm. The testing routine 

was performed 5 times for each sample group. The tensile speed of 10 mm/min was applied. 

The fiber mat length and width were measured using a digital caliper (Fowler Promax, USA). 

Using a Sartorius Quintix 125D-1CEU (Sartorius, Germany) semi-micro scale, I weighed and 

recorded the PP and PLA fiber mats. I calculated the fiber mat area by using Equation 12. 

 𝐴 =  
m𝑓𝑚

𝑙𝑓𝑚𝜌𝑃𝑜𝑙𝑦𝑚𝑒𝑟
 (12) 

where, m𝑓𝑚 is the fiber mat mass, 𝑙𝑓𝑚is the length of the fiber mat and 𝜌𝑃𝑜𝑙𝑦𝑚𝑒𝑟 is the polymer 

bulk density (PP =0.889 g/cm3, PLA=1.24 g/cm3). 
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3.10.6.1.2. Hierarchical single-PP composites interleaved with MB PP fiber mats tests 

The blended PP matrix film and the composite samples were cut to 150 x 20 mm rectangles. 

The SPC samples were tensile tested at room temperature to 5 mm/min with a Zwick Z020 

(Zwick, Germany) machine equipped with a 20 kN load cell. The gauge length was set at 90 

mm. The testing routine was performed 7 times for each sample group. The tensile strength, 

elastic modulus and secant modulus at 0.5%, 1%, 2%, 10% strain were evaluated together with 

their standard deviation.  

3.10.6.1.3. PP/MWCNT fine fiber mat interleaved single-PP composite tests 

The SPCs tensile test was conducted using a Zwick Z250 (Zwick, Germany) test rig with a 

maximum 250 kN load capability. Samples were cut in 150 mm x 20 mm (length x width). The 

test speed and gauge length were set at 5 mm/minute and 90 mm, respectively. A full-field 

strain measurement was done with a digital image correlation (DIC) method using a Mercury 

Monet (Sobriety Sro., Kurim, Czech Republic) device. A strain analysis software from Mercury 

RT-v2.6 was used for local strain measurement. I examined 7 samples for each group and 

analyzed the tensile modulus, the tensile strength, and the strain at break according to ISO 

527-4:2021 [145].  

3.10.6.2. Short beam shear (SBS) tests 

I conducted short beam shearing (SBS) tests to determine the SPC sample's (see Chapter 

3.7) interlaminar shear strength at room temperature based on the ISO 14130 standard [146]. I 

cut the composite sheet into 20 x 10 mm specimens. A Zwick Z020 type universal tensile tester 

with 20 kN load cell at 1 mm/min test speed was used. The test setup was equipped with a 3-

point bending fixture, and the span length was set to 10 mm. 5 samples were tested for each 

group. The interlaminar shear strength (𝜏ILSS) was determined by using Equation 13 [146]. 

 𝜏ILSS = 0.75 × 
𝐹𝑚𝑎𝑥

𝑏𝑡
 (13) 

where, 𝐹𝑚𝑎𝑥 is the maximum load observed during and the test, b is the width of the specimen 

and t is the thickness of the specimen. 

3.10.6.3. Instrumented falling weight impact (IFWI) test 

I investigated the impact properties of the SPC sheets (see Chapter 3.7) with an 

instrumented falling weight impact (IFWI) tester (CEAST 9350. Instron, USA). For this, 70 x 70 

mm square specimens were cut. The total mass of the dart was 28.41 kg, the dart diameter 

(hemispherical) was 20 mm, the diameter of the supporting ring was 40 mm, the falling height 

was 1 m, and the impact energy was 299.1 J. I tested 7 samples for each group at room 

temperature. The perforation energy (total absorbed energy/specimen thickness) was 

calculated to characterize the SPC sample's impact behavior. The ductility index was 

determined as the ratio of the total impact energy to the energy absorbed until the maximum 

load.  



Yahya Kara   Ph.D. Thesis 

41 

One-tailed t-tests (Equation 14) were performed using interleaved and non-interleaved 

SPCs samples in order to evaluate the effect of the MB fiber mat interleaving on the impact 

performance of the SPCs. The p values less than 0.05 (level of significance) were considered 

significantly different. 

 𝑡 =
�̅�+𝜇

𝑆𝐷2

√𝑛

 (14) 

where, �̅� is the mean of the sample, μ is the assumed mean, SD is the standard deviation and 

n is the number of observations. 

3.10.6.4. Dynamic mechanical analysis (DMA) 

I conducted dynamic mechanical analysis (DMA) frequency sweep tests in three-point 

bending mode under a strain-controlled program with a Q800 (TA Instruments, USA) device. 

I cut 60 x 10 mm (length x width) specimens for this. The small-amplitude frequency-sweep 

experiments were performed between 1–100 Hz (5 points per decade) at different 

temperatures ranging from 30 to 110 °C (10 °C increments). The strain amplitude and the 

heating rate were 20 μm and 3 °C/min, respectively. The results obtained were used to draw 

the van Gurp–Palmen (vGP) plots [147] and to generate master curves using the time-

temperature superposition (TTS) principle [148]. The curves obtained at the various 

temperatures were shifted horizontally using the Williams-Landel-Ferry (WLF) equation 

(Equation 15).  

 log 𝑎𝑡 =
−𝐶1(𝑇−𝑇𝑟𝑒𝑓)

𝐶2+(𝑇−𝑇𝑟𝑒𝑓)
 (15) 

where C1 [-] and C2 [K] are constants, at is the shift factor, Tref is the reference temperature [K], 

T is the arbitrary temperature [K].  

3.11. Poly(lactic acid) fiber mat composting study 

I conducted composting tests for PLA MB fiber mats (see Chapter 3.9) to characterize their 

decomposition behavior in soil. Composting conditions were set and ensured according to the 

ISO-20200 standard [149]. The reactor included a mixture of 40% sawdust, 30% rabbit feed, 

10% ripe compost, 10% corn starch, 5% sugar, 4% corn oil, and 1% urea. Bidistilled water was 

added in a 45:55 ratio into the mixture. Bidistilled water was added periodically to the reaction 

container to maintain the relative humidity in the compost medium according to the same 

standard. Fiber mats were cut (30 x 30 mm2) and buried a few cm deep in plastic reactors 

containing the compost medium. Reactors were then introduced in a climate chamber 

(Climacell 111, MMM Group, Germany) at 58 °C. Fibers were recovered from the 

disintegration container at different times (7, 14, 21, 28 and 35 days) and dried in a vacuum 

drying chamber (VD 53, Binder GmbH, Germany) at 30 °C under vacuum (1 bar) for 72 hours 

prior to analytical tests. Composting and disintegration were photographed for all samples 

periodically.  
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3.12. Poly(lactic acid) fiber mat hydrolytic decomposition test 

I conducted hydrolytic decomposition tests for PLA MB fiber mats (see Chapter 3.9) to 

characterize their decomposition characteristics in water. PLA MB fiber mats' hydrolytic 

degradation tests were conducted in bidistilled water at 58 °C. Since this temperature was 

given for composting and disintegration tests according to the ISO standard, I also adopted 

this temperature for the hydrolytic degradation studies. Several rectangular pieces of fiber 

mats of each sample type were placed in glass vessels containing bidistilled water. The mass 

amount of water was fixed in the ratio 500:1 with the mass of the fiber mat sample. In the first 

4 weeks, each vessel was emptied using a fine filter paper every week. From the 5th week, each 

vessel was emptied fortnightly until the 10th week. Fresh bidistilled water was then added to 

the vessel containing the sample, and the vessel was put again in water at 58 °C. The bidistilled 

water amount was kept the same. Based on the literature data, I applied this routine of 

replacing the bidistilled water to prevent the influence of the pH change caused by hydrolysis 

[150-152]. The samples were removed from the hydrolytic medium: one sample per week from 

week 0 to 4 and one sample fortnightly between week 4 and 10. The extracted samples were 

dried in a drying chamber (VD 53, Binder GmbH, Germany) at 30 °C under a vacuum (1 bar) 

for 72 hours prior to DSC and TGA tests.  

3.13. Fused filament fabrication (FFF) experiments  

3.13.1. Filament production  

A PLLA homopolymer resin (see Chapter 3.1) was used to prepare filaments for FFF 3D 

printing. I used PLLA filament to generate fibers and 3D print structures. PLLA filaments 

(filament diameter 1.75 mm) were produced with a Precision 450 type filament maker (3devo 

B.V., Netherland). The temperature profile was set to 185-210-195-185 °C (from hopper to die). 

The extruder screw rotation speed was set to 2.4 rpm.  

3.13.2. Apparatus design 

I invented a new approach and a FFF apparatus that generates continuous nano-/micro 

fibers and fabricates hierarchical structures via FFF technology. The novel apparatus combines 

FFF printing and the continuous nano-/micro fibers generating simultaneously. The ultrafine 

fibers were generated with the aid of hot pressurized airflow. An exploded view of the 

apparatus is shown in Figure 19. The opening between the heated block (8) and the air knife 

(7) can be adjusted by tightening and loosening bolts (10, 11). The opening between the heated 

block and air knife allows the nozzle in and out from the air knife module (Figure 20). A heat-

resistant O-ring (9) avoids air leakage during the operation. When the nozzle is inside the air 

knife, the apparatus works in the continuous fine fiber generating (FG) mode, while filament 

extrusion (FE) works when the nozzle is out. The opening distance between the air knife 

module and the heated block was chosen as a minimum of 1 mm for smooth operating.   
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Figure 19. Exploded view of the developed FFF apparatus; 1: heat sink, 2: nozzle, 3: air tube connector, 

4: heat sink, 5: throat heat break, 6: throat heat break, 7: air knife module, 8: heated block, 9: O-ring, 10: 

shoulder bolt (leveling), 11: bolt (leveling), 12: bolt (joining) 

The filament is fed from a spool, passes through throat tubes (5,6), and reaches the moving 

heated block (8). The molten polymer is forced out of the nozzle (2). The molten polymer meets 

with hot air at the nozzle exit in the air knife module (7). The hot air fed through air connectors 

(3) passes vertical air slots located in the heated block and reaches the nozzle tip (Figure 20). 

 

Figure 20. Demonstration of (a) FG and (b) FE mode operations 

3.13.3. Fused filament fabrication setup used 

A Velleman K8200 desktop FFF printer (Velleman vn, Belgium) used to test the developed 

apparatus. Two K-type thermocouples, one mounted to an air knife module (7) and the other 

mounted to a heated block (8), and a PID control unit was used to heat up and control the 

apparatus temperature. The apparatus temperature was set to a constant 200 °C. The air 

temperature was heated by an inline heater (AHPF-082, Omega, UK) and the air temperature 
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was measured in line with a K-type inline nozzle thermocouple. The hot air temperature was 

set to 250 °C and held constant with a PID controlling unit. The zero distance between the 

apparatus and the printing plate was set with paper (50 μm). I used open-source Printrun 2.X 

software (Pronterface, GNU General Public License) for controlling the FFF printer via 

computer.  

The distance between the apparatus and the printing bed was set constant at 100 mm for 

fiber generating mode. The filament drawing speed was set to 1 mm/min. The nozzle diameter 

of 0.2, 0.4 and 0.5 mm were tested. The influence of three air pressure levels (1, 1.5 and 2 bar) 

and two air knife angles (35°and 60°) on the fiber properties were tested.  

3.13.3.1. Producing 3D printed samples with the novel apparatus 

The accuracy between the CAD model and printed parts was investigated [153, 154]. I used 

SolidWorks 16 (Dassault Systèmes, France) to design the 3D model sample with dimensions 

of 80 x 10 x 1.5 [mm] (length x width x thickness). Then, the 3D model was converted to the 

‘‘.STL” file format using CraftWare 1.21 software (Craftbot, Hungary). The apparatus and 

printing bed temperature were set to 200 °C and 60 °C, respectively. The nozzle diameter and 

filament drawing speed were 0.2 mm and 60 mm/s, respectively. The 3D printed samples were 

compared in terms of geometry and precision with the 3D CAD model. I produced 5 samples. 

I measured the 3D printed sample’s length, thickness and width using a digital caliper (Fowler 

Promax, USA). 

3.13.4. Ansys airflow field simulations 

I investigated the airflow field of the developed apparatus. In this regard, I employed CFD 

simulations performed with Ansys CFX 2019R3  for characterizing airflow in the fiber-making 

process. The same material properties, boundary conditions and numerical settings were used 

in the CFD simulations and real-time experiments; only the geometry and, therefore, the mesh 

differed. The following sections present sufficient model data to reproduce my results.  

3.13.4.1. Meshing 

Figure 21 depicts the geometrical data and the boundary conditions of the CFD model. One-

quarter of the whole geometry was modeled using symmetry simplification to reduce the 

computational cost. The structured mesh had hexahedra elements in the inflation layer near 

the wall and tetrahedra cells inside the flow domain (Figure 22). The inflation layer was 0.2 

mm in width and contained 5 layers with a growth rate of 1.2. The mesh is refined inside the 

apparatus and in the vicinity of the apparatus orifice. To eliminate the discretization error, 

mesh independence analysis was performed with three different mesh sizes. I tested 1456k, 

2998k, and 6782k elements for the air knife with a half-cone opening angle of 60°, and the 

obtained air flow rate values compared to the measurement data. The results show that the 

relative difference in the obtained values was less than 1% in the case of the three meshes. 



Yahya Kara   Ph.D. Thesis 

45 

Considering simulation time and the difference between the simulation and experimental 

data, the mesh with 2998k cells was chosen for the simulations. 

 

Figure 21. The quarter model of the flow field and the environment with the corresponding 

boundary conditions 

 

 

Figure 22. Illustration of the constructed mesh for CFD study 

3.13.4.2.  Boundary conditions 

The heated and pressurized air flows inside the apparatus at the inlet described with a 𝑝𝑖𝑛 

relative pressure and 𝑇𝑖𝑛 temperature. It is assumed that there is only a short time for heat 

exchange due to the high velocities; therefore, the heat transfer inside the nozzle was 

neglected. The apparatus inside walls were modeled with adiabatic no-slip walls. On the other 

hand, the outer wall temperature was set to 20 °C, according to the empirical observations. 

Pressure inlet  

𝑝𝑖𝑛, 𝑇𝑖𝑛 = 250 °𝐶 

Adiabatic wall 

Wall 

𝑇𝑤 = 200 °𝐶 

 

Opening, entrainment 

𝑝𝑒 = 0 𝑃𝑎, 𝑇𝑖𝑛 = 20°𝐶 

  Symmetry 

Wall, 𝑇𝑤 = 20°𝐶 
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The environment was represented by the opening boundary condition with 𝑇𝑒𝑛𝑣 = 20°𝐶 

temperature and 𝑝𝑒𝑛𝑣 = 0 Pa entrainment pressure. The fiber collector plane was considered 

with a 20 °C, no-slip wall.   

For validation purposes, two independent cases were considered. In the first case, the 

volume flow rate was calculated when the inlet temperature was equal to ambient, 𝑇𝑖𝑛 =

𝑇𝑒𝑛𝑣 = 20°𝐶, and the pressure varies between 0.4-2.4 bars. In that case, the outer wall of the 

apparatus was 𝑇𝑤𝑎𝑙𝑙 = 20°𝐶. In the second case, the temperature distribution was determined 

when 𝑇𝑖𝑛 = 250°𝐶 and 𝑝𝑖𝑛 = 1 bar. For that, the outer apparatus wall temperature was 𝑇𝑤𝑎𝑙𝑙 =

200 °C. Furthermore, the previous two cases were combined to validate those experimental 

observations, i.e., the 𝑝𝑖𝑛 = 1; 1.5; 2 bar, 𝑇𝑖𝑛 = 250°𝐶, and 𝑇𝑤𝑎𝑙𝑙 = 200 °C. Table 6 summarizes 

the applied boundary conditions.   

Table 6. The summary of the boundary conditions 

Boundary 

condition 

Validation of pressure 

loss  

Validation of temperature 

field 

Real case  

Inlet  𝑇𝑖𝑛 = 20 °C  

𝑝𝑖𝑛 = 0.4 − 2.4 bar 

𝑇𝑖𝑛 = 250 °C  

𝑝𝑖𝑛 = 1; 1.5 bar 

𝑇𝑖𝑛 = 250 °C  

𝑝𝑖𝑛 =

1; 1.5; 2 bar 

Apparatus inside 

walls 

Adiabatic 

No-slip 

Apparatus 

outside walls 

𝑇𝑤𝑎𝑙𝑙 = 20 °C  

No-slip 

𝑇𝑤𝑎𝑙𝑙 = 250 °C  

No-slip 

𝑇𝑤𝑎𝑙𝑙 = 250 °C  

No-slip 

Fiber collector 

plane 

𝑇𝑝𝑙𝑎𝑛𝑒 = 20 °C 

No-slip 

Environment 𝑇𝑒𝑛𝑣 = 20 °C 

𝑝𝑒𝑛𝑣 = 0 bar 

3.13.4.3.  Material properties and turbulence model 

The air was considered to be an ideal gas with 𝜇 = 1.831 ∙ 10−5 Pas dynamic viscosity, 𝜆 =

0.0261  W/(mK) thermal conductivity and 𝑐𝑝 = 1004.4  J/(kg K) specific heat (at constant 

pressure) at 25 °C reference temperature. Because the computational domain contains narrow 

(inside the apparatus) and large far-field (outside the apparatus) regions, the Shear Stress 

Transport (SST) turbulence model was applied with an automatic wall function. As a result, a 

set of equations for the continuity, energy, momentum, turbulent eddy frequency and 

turbulence kinetic energy were solved.  

Since the real application is time-independent, steady-state simulations were performed 

with high-resolution advection and first-order turbulence schemes. The convergence criteria 

were set to 10-5, while the volume flow rate was monitored. The simulation stopped when the 

convergence criteria and the steady-state solution of the volume flow rate were reached.  
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3.13.5. Air temperature and flow rate measurement 

To verify the airflow field CFD model, I measured and predicted the effects of air knife 

design and air pressure on velocity and temperature distributions. I conducted experiments to 

measure airflow rate at the apparatus inlet and air temperature after air exits the apparatus. I 

measured the temperature in-line with a K-type bare thermocouple and a digital thermometer 

(Testo 830-T2, Germany). The thermocouple was placed parallel to the tool to read the air 

centerline temperature. With this aim, the thermocouple was set and fixed to variable 

distances (5-40 mm) from the apparatus during the experiments. The temperature was 

recorded when the read value reached a stable region, e.g., ±1 °C. A thermal camera (A325sc, 

FLIR Systems Inc., Wilsonville, USA) was also used to record apparatus temperature during 

the operation. A digital airflow meter (flow switch, PFMB721-C8-F, SMC, Japan) was used to 

measure the air volume flow rate. I measured the air volume flow rate without heating it at 

room temperature. The air pressures in the range of 0.4-2.4 bar were applied, and the 

corresponding flow rates were recorded. The experimental measurement systems are shown 

in Figure A. 3 (See Appendix). I recorded the volume flow rate corresponding to the standard 

condition ( T = 15 °C, p = 101.3 kPa), where the density is 𝜌𝑎𝑖𝑟𝑠𝑡𝑑 = 1.225
𝑘𝑔

𝑚3.  The recorded air 

volume rate was converted to the mass flow rate by using Equation 16.  

 �̇�𝑚𝑒𝑎𝑠 = 𝑞𝑎𝑖𝑟𝑠𝑡𝑑𝜌𝑎𝑖𝑟𝑠𝑡𝑑  (16) 

where 𝑞𝑎𝑖𝑟𝑠𝑡𝑑 is the measured volume flow rate corresponding to the standard conditions. The 

relative error between the CFD simulations and the measured flow rate was calculated using 

Equation 17. 

 𝜀 =  
|�̇�𝑚𝑒𝑎𝑠−�̇�𝐶𝐹𝐷|

�̇�𝑚𝑒𝑎𝑠
 (17) 

where �̇�𝐶𝐹𝐷 is the mass flow rate of the CFD computations is evaluated at the inlet boundary 

condition. 
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4. RESULTS AND DISCUSSION 

4.1. Process-structure-property relationships of polypropylene fiber mats  

The fiber structure development is a complex phenomenon in MB since there is no 

controlled stretching and instead, whipping, airflow turbulence, etc., occur.  The high-velocity 

hot air attenuates the fiber until the air and the fiber velocity become equal, which is named 

the freezing point. After this freezing point, the morphology can still change because of the 

fiber-to-fiber contacts, fiber mingling and whipping sourced by instabilities (e.g., air 

turbulence).  

This study details how to control the melt blowing parameters to tailor the PP fiber mat 

features for the respective application field. It also gives insight into fiber formation 

mechanisms during melt blowing to generate self-bonded, defect-free, fine fiber mats. 

4.1.1. Parameters affecting fiber morphology 

Figure 23 shows the SEM images of the fibers collected at different DCDs. The other 

parameters were the same (Table 3, see Chapter 3.5.1). The figure also presents the fiber 

diameter distributions obtained from the image analysis (see Chapter 3.10.1). The DCD has an 

effect on the fibers clearly visible. At small DCDs, there is not enough time for the air to 

attenuate the fibers. Therefore, higher DCDs result in smaller fiber diameters in general. 

 

Figure 23. SEM images and related diameter distributions of melt blown PP fiber mats collected at 

different die-to-collector distances (DCD), (a)-(a’) DCD = 50 mm; (b)-(b’) DCD = 150 mm; DCD = (c)-

(c’) 400 mm 
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I found an exponential decay of the fiber diameters (Figure 24 (a) and Table A. 1) with a 

diameter of 1.48 μm at an infinite distance. Fiber attenuation dominantly takes place close to 

the die. Since the attenuation stops when the crystallization is completed, it is not reasonable 

to increase DCD further, in this case, at around 300-400 mm. An increase in the fiber spinline 

whipping amplitude with increasing DCDs and air velocity was considered a major 

mechanism in fiber attenuation [155].  

 

Figure 24. Average fiber diameter and 95% CI versus variable (a) DCD, (b) air temperature, (c) air 

pressure and (d) collector speed (The red dashed lines represent the trend lines that are the best fits to 

the data based on the statistical functions, while the equations correspond are given in the top right of 

figures) 

I investigated the influence of air pressure (Table A. 2, see Appendix) and air temperature 

(Table A. 3, see Appendix) on fiber morphology. I found that lower air temperature and lower 

air pressure resulted in coarser fiber morphology, as shown in Figure 24 (b) and (c). Results 

showed that a high temperature might cause the molten fibers to stick, as shown in Figure 25.  

 

Figure 25. SEM images of MB PP fiber imperfections, e.g., fiber fuses. These imperfections formed 

at pressurized air temperatures of (a) 300 °C and (b) 125 °C 
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The fiber attenuation significantly depends on the air pressure. Figure 24 (c) shows the 

change in the average fiber diameter and confidence interval with increasing air pressure. In 

theory, the fiber attenuation continues until the velocity of the air and fiber becomes equal 

[156]. A higher air pressure attenuates the fiber more since the air exerts a higher forwarding 

drag force on the fiber [157]. Figure 24 (c) and Figure A. 4 (see Appendix) show that higher air 

pressure also leads to a narrower fiber diameter confidence interval. 

I investigated the influence of 6 different collector speeds on the fiber morphology. Figure 

24 (d) shows that the average fiber diameter did not show any significant trend by altering the 

collector speed. On the other hand, high speeds resulted in fiber necking, breakage and fuses, 

as shown in Figure 26. The multiple necking was mainly observed on fibers thinner than 1 

micron. On the other hand, fiber fuses might originate from the separate fibers stretching, 

which disrupts the particular fiber travel. In this phenomenon, some of the free molten 

polymer jets having larger diameters meet some thin fibers on the way to the collector, and 

they stick to each other before reaching the collector. These relatively low-velocity thick molten 

fibers accumulate the thin fibers around their surface. This phenomenon might occur at a very 

early stage of fiber formation where fibers are close to the die and still have high temperatures. 

What is more, higher collection speeds caused the formation of spherical particles, which are 

called shot defects, as shown in Figure 26 (b). This defect formation mechanism is sourced by 

the instabilities driven by the polymer surface tension that is resulted in fiber necking and 

break-up [30]. A similar imperfection is seen at electrospinning due to the low solution 

viscosity [19]. Nevertheless, the fiber fuse, shot and fiber breakage might be due to higher 

collection speeds, lower collecting distance (DCD), high air velocity, and high air and melt 

temperatures.  

 

Figure 26. SEM images of MB PP fiber imperfections, -fuses, -sticking and -necking. These 

imperfections formed at (a) 80.4 m/min and (b) 105.5 m/min collection speeds 

4.1.2. Porosity and pore size 

I tested the density and porosity of the MB nonwoven produced at various DCD, air 

temperature and air pressure. Results obtained are shown in Figure 27, while the measurement 

data are presented in Table A. 1-Table A. 3 (see Appendix). I found that all these parameters 

influence the porosity and pore size considerably. Increasing DCD first decreases and then 

increases the porosity slightly. This is related to the fiber flow projection from the die to the 
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collector [39, 66]. Besides, the high air turbulence at higher DCDs causes the fibers to lay down 

over a wider area, decreasing fiber mat solidity (fiber packing density) and resulting in a softer, 

fluffy structure [76]. Decreasing fiber diameter with increasing DCD until 200 mm resulted in 

a smaller pore size compared to the lowest DCD. However, fiber packing density decreased 

continuously with increasing DCD due to wider fiber flow projection and fewer fiber 

entanglements.  

 

Figure 27. Variation of the PP MB fiber mat porosity and pore size versus (a) DCD, (b) air 

temperature, (c) air pressure, (d) 2D counter plot representing the influence of the average fiber 

diameter and fiber mat solidity on the average pore size 

Increasing the air temperature continuously decreased the fiber diameter, resulting in a 

decrease in the pore size with more fibers in the stack. However, the fiber mat porosity change 

fluctuated with increasing air temperature from 125 °C to 300 °C.  Due to the fiber fuses 

mentioned earlier, the pores within the fiber mat became larger despite the thinner fiber 

diameters and the solidity decreased. The fiber mat thickness obtained at the lowest air 

temperature (125 °C) was very thin compared to those collected at higher air temperatures; 

therefore, the resultant fiber mat exhibited higher porosity with thicker fibers and larger pore 

size. The mat thickness correlates with the fiber packing density, which is a primary factor in 

determining the pore size. Increasing air pressure (due to narrower fiber flow width) slightly 

increases the fiber packing density, resulting in relatively smaller pores and increased mat 

thickness.   

The porosity and pore size analysis results are summarized in Figure 27 (d). The fiber mat 

pore size decreases with decreasing fiber diameter. The 2D colored contour plot illustrated in 

Figure 27 (d) showed that pore size is highly dependent on solidity, which is in good 

agreement with the literature [158]. However, processing parameters play a crucial role in the 
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fiber mat pore size and solidity. Smaller fiber diameters are desired in order to produce a fiber 

mat with a high packing density [159]. The highest air temperature and pressure applied 

showed relatively smaller pore size with decreased fiber diameter. The average pore size of 

the MB fiber mats decreased with decreasing fiber diameters except for the DCD test. In that 

case, the solidity decreased, which can explain the phenomenon. The widened fiber flow and 

increased air turbulence resulted in a larger pore size. On the other hand, the low air 

temperatures decreased the number of fiber entanglements and fiber to fiber contacts. This 

resulted in thicker fibers and large pores despite the relatively high solidity.  

4.1.3. Tensile properties 

The experiments were conducted with the same samples once used for the porosity and 

density measurements, and I only investigated samples cut in the machine direction (Figure 

A. 7, see Appendix). The results obtained are given in Table A. 4 (see Appendix) in detail. Melt-

blowing typically generates self-bonding or self-penetrated fiber mats that derive their 

strength from fiber-to-fiber contacts besides the intrinsic material properties, e.g., crystallinity. 

Therefore, newly formed fiber’s ability to penetrate the fibers already on the collector affects 

the fiber mat's load-bearing capability upon applied stress. As a result, the tensile strength 

decreased continuously with increasing DCD [74]. Besides, higher DCDs possess less 

entanglements and reduce fiber packing density (Table A. 1-Table A. 3, see Appendix); hence, 

the PP fiber mat tensile strength decreased, but strain at break increased with increasing DCD 

(Figure 28 (a)).  

 

Figure 28. Variation of the tensile strength and strain at break for MB PP fiber mats versus various 

(a) die-to-collector distance (DCD), (b) air temperature and (c) air pressure 

Self-bonding of the fibers within the mat structure improved with increasing air 

temperature. In addition, the packing density of the PP fiber mats increased with increasing 
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air temperature due to the higher fiber attenuation rates, resulting in thinner fibers. The air 

temperature tests showed that decreasing fiber diameter and improved self-bonding enhanced 

the tensile strength, as shown in Figure 28 (b).  

Results showed that higher air pressure resulted in stronger PP fiber mats. This is because 

of increasing fiber packing density and thinner fibers collected with increasing air pressure. 

The improved tensile strength is accompanied by a mechanically consolidated fiber mat 

structure. Nevertheless, slightly increased solidity with increasing air pressure resulted in 

more fiber entanglements and continuously lowered the PP MB fiber mat strain at break. The 

slight decrease of the tensile strength over 2 bar air pressure is attributed to the fast cooling of 

fibers with increased air velocity, resulting in frozen crystal segments.  

I analyzed the influence of the average fiber diameter and the average pore size on the 

mechanical properties as a function of the fiber mat solidity, as shown in Figure 29. The results 

obtained showed that the fiber mat solidity and the average pore size were indicators for 

higher tensile strength considering the average fiber diameter. I found that larger pore sizes 

resulted in poor mechanical characteristics. The larger pores within the mat caused less fiber-

to-fiber contact and deteriorated the mechanical properties, as shown in Figures 16 (a) and. PP 

fiber mat collected at the lowest DCD with relatively larger fiber diameters had the highest 

tensile strength. This is attributed to the improved crystallinity sourced by the slower cooling 

rate [160]. On the other hand, systematic investigations showed that the PP fiber mat produced 

at optimum conditions could achieve high tensile strength (~ 6 MPa) with an average fiber 

diameter of 2.5 μm and 10% solidity (Figure 29). I found that the fiber packing density and the 

average fiber diameter cannot correlate to the MB fiber mat mechanical properties due to 

instabilities originating from the air drag and temperature field. But the fiber packing density 

and the average fiber diameter can give a raw estimation of the resultant fiber mat's 

mechanical properties. In addition to this, the mechanical properties depend on the crystalline 

structure, where the processing parameters dominantly determine the cooling rate.  

 

Figure 29. 2D counter plot representing the influence of melt-blown PP fiber mat solidity and 

tensile strength on the (a) average pore size and (b) the average fiber diameter 
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4.1.4. Analysis of the fiber formation mechanism and the fiber structure development: 

DSC and WAXD tests 

I investigated the influence of the parameters on the thermal properties of the PP MB fibers 

and the sheet. DSC results showed that the crystalline melting characteristics of the fiber and 

the sheet exhibit different crystalline structures. The DSC results are shown in Figure 30, while 

the deconvoluted DSC thermograms are given in Figure 31. The DSC 1st heating cycle shows 

single melting peaks for the MB PP fiber samples, while the hot-pressed sheet shows a double 

melting peak. On the other hand, the 2nd heating cycle (in which the fibers are tested in an 

already fused state) exhibited a similar, double endothermic peak for all the samples, which 

confirms that the fiber structure clearly influences the crystalline phase domains.  

 

Figure 30. The DSC thermograms of melt-blown PP fiber mats produced at various die-to-collector 

distances (DCD, data in mm) and the PP hot-pressed reference sheet at a heat ramp of 10 °C/min; (a) 

1st heating and (b) 2nd heating 

 

Figure 31. Deconvoluted DSC thermograms of melt-blown PP fiber mats produced at various die-

to-collector distances (DCD, data in mm) and the PP hot-pressed reference sheet at a heat ramp of 

10 °C/min; (a) 1st heating and (b) 2nd heating 

The two peaks can be associated with different crystal forms, crystal perfections, 

isotropization, recrystallization or reorganization of the crystalline domains [161]. The first 

heating gives more important information since that corresponds to the crystalline structure 

gained by melt-blowing at certain processing parameters. The single peak indicates a higher 
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intrinsic orderliness (e.g., increasing orientation and alignment of the polymeric chains), which 

is restricted by the fiber boundary.  

In addition, the degree of crystallinity of the fibers varied between 43-52%, for which I 

observed the highest crystallinity at DCD of 50 mm. On the other hand, the lowest crystallinity 

was observed for the fibers collected at DCD of 200 mm and 300 mm. The higher crystallinity 

for the fibers collected at DCD higher than 300 mm is related to decreasing fiber diameter 

(higher intrinsic orderliness) despite the increasing cooling rate and fiber velocity (Figure 32 

(a)). The air pressure test DSC scans (Figure A. 9-Figure A. 10, see Appendix) exhibited the 

same tendency seen for the DCD tests. I found that the crystallinity of the fibers decreased 

slightly with increased air pressure and temperature. It is because the higher air velocity can 

cool the fibers faster, which hinders crystallization (Figure 32 (b) and Figure 32 (c)).  

 

Figure 32. The influence of various (a) die-to-collector distance, (b) air pressure and (c) air 

temperature on the fiber mat’s crystal melting enthalpy and on the fiber diameter 

The DSC curves of air temperature tests, air pressure tests and DCD tests were similar; 

therefore, I present the DSC thermograms (Figure A. 11-Figure A. 12, see Appendix) and data 

in Table A. 5-Table A. 8 (see Appendix). The degree of crystallinity of the PP MB fibers changed 

slightly (52% - 55%) at the air temperature tests. Increasing air temperature yields a freer act 

of the polymeric chains. But the polymer chains did not have enough time to arrange 

themselves and complete full crystallization due to fast cooling, which becomes dominant 

with an increasing temperature difference between air and fibers (Figure 32). Therefore, the 

PP MB fiber sample generated at higher air temperature resulted in lower crystallinity. These 

results are in good agreement with the findings from DCD and air pressure tests. 

I analyzed the fiber samples' DSC 1st and 2nd heating melting enthalpies to determine the 

influence of air quenching, as shown in Figure 33. Each sample's 2nd heating melting enthalpies 
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showed similar results with slight scattering. However, the cooling rate's influence 

significantly changed the 1st and 2nd heating melting enthalpies. In the lowest DCD, the 

difference was small, where the fibers possess a relatively high-temperature field near the die. 

Increasing DCD resulted in the fast cooling of the fibers, and therefore the change in the first 

and second heating melting enthalpies is large. I found that the change became smaller over 

the DCD of 400 mm. Higher fiber crystallinity in this DCD range is attributed to the smaller 

fiber diameters and increased molecular orientation. On the other hand, the PP hot-pressed 

sheet crystallinity based on the DSC 1st and 2nd heating scans was 49.3 % and 53 %, respectively, 

while the crystalline melting peak temperature did not change significantly (Table A. 5-Table 

A. 8, see Appendix). The slight change in the DSC heating data of the PP hot-pressed sheet 

was negligible. 

 

Figure 33. The effects of various melt blowing parameters on the MB PP fiber’s crystalline melting 

enthalpies. Variation of the corresponding melting enthalpies obtained from the 1st and 2nd heating 

versus various (a) die-to-collector distance (DCD), (b) air pressure and (c) air temperature 

The MB PP fiber mat porosity, fiber diameter, pore size, mechanical and thermal properties 

might be affected by many factors, including melt-blowing conditions and material properties. 

This revealed a distinct relationship between process, property and structure for analyzing 

MB PP fiber mats overall. Results showed that high solidity, low porosity and small pore size 

resulted in higher tensile strength, and the fiber diameter was directly related to these two 

properties. Therefore, I introduced a new factor, namely mat consolidation coefficient (MCC), 
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to correlate the relationship between PP fiber mat solidity, porosity, average pore size and 

average MB PP fiber diameter. The MCC is calculated by using Equation 18.  

 𝑀𝐶𝐶 =
𝑆 × d𝑓,𝑚

𝐷𝑃𝑚
 [−] (18) 

where, d𝑓,𝑚 is the average fiber diameter, S is the fiber mat solidity and 𝐷𝑃𝑚 is the average 

pore size. The MCC gives quantitative information on the PP fiber mat self-bonding quality 

considering fiber mat pore size, fiber diameter and solidity. Therefore, it correlates the PP fiber 

mat tensile strength by taking into account the influence of processing parameters. The MCC 

is a dimensionless macroscopic factor that could only assume values in the range 0 < 𝑀𝐶𝐶 ≤

1. The MCC provides the effect of the melt-blowing processing parameters on the MB fiber 

mat property and structure. The MCC effectively estimates fiber mat characteristics in the 

range of the melt blowing processing parameters of 50 𝑚𝑚 ≤ 𝑑𝑖𝑒 𝑡𝑜 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ≤

500 𝑚𝑚, 125°𝐶 ≤ 𝑎𝑖𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ≤ 300°𝐶 and 1 𝑏𝑎𝑟 ≤ 𝑎𝑖𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ≤ 2.5 𝑏𝑎𝑟. On the other 

hand, MCC can be effectively used to characterize MB PP fiber mat characteristics if 0.01 <

d𝑓,𝑚 𝐷𝑃𝑚⁄ < 2 and  0.05 < 𝑆 < 0.5. Otherwise, the use of MMC to quantify mat properties has 

limitations. When MCC's value is 1, it means a solid structure without any pore. Results 

obtained showed that MCC tends to increase with increasing tensile strength in the MCC range 

of 0.07-0.27. The high MCC expresses a finely self-bonded fiber mat with high tensile strength, 

while low MCC defines a poorly self-bonded fiber mat with weak mechanical properties. 

Results revealed that the measured fiber mat tensile strength data exhibits a good linear 

relationship (R2=0.95) with the MCC's calculated data, as shown in Figure 34 (a).  

 

Figure 34. The mat consolidation coefficient (MCC) analysis of the MB PP fiber mats. (a) 

Relationship of MCC with the tensile strength. (b) 2D contour plot representing the correlation 

between MCC, tensile strength and MB PP fiber crystalline melting enthalpy 

Higher fiber crystallinity is generally associated with enhanced mechanical properties 

[162]. I found that the fiber-making parameters significantly influence the thermal properties 

of the MB fiber mats. Besides, the processing conditions determine the fiber mat's physical 

properties (e.g., porosity, diameter, self-bonding quality), influencing its mechanical 

properties. Therefore, I analyzed the property-process-structure relationship through MCC, 

tensile strength and crystalline melting enthalpy for MB fiber mat produced over a wide range 

of melt blowing conditions. The results obtained were illustrated by a 2D contour plot and 
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shown in Figure 34 (b). The MB fiber mat tensile strength increased with increasing MCC. 

Besides, high MCC resulted in higher crystalline melting enthalpy. However, crystalline 

melting enthalpy did not exhibit any trend by either increasing or decreasing MCC. This 

fundamental difference occurred due to the air quenching effect during the melt blowing 

process. The red zone (Figure 34 (b)), where the crystalline melting enthalpy is high, around 

MCC of 0.12, shows low tensile strength. This result represented the influence of processing 

conditions. High porosity and thick fibers resulted in poor fiber mat consolidation despite the 

high fiber crystallinity due to the air annealing. On the other hand, the green zone in 2D 

contour at low MCC represents thin fibers, low porosity, and low fiber crystallinity caused by 

air quenching. The higher MCC tended to have higher fiber crystallinity and tensile strength. 

These results suggested that the MCC might be comprehensively used to define the MB fiber 

mats' process-property-structure relationship.  

The WAXD results showed that the crystalline phase transitions from the α phase 

(monoclinic) to the mesomorphic form took place at melt blowing. The mesomorphic 

mesophase can form at cooling rates high enough to prevent the crystallization of the more 

stable monoclinic α form [142]. I investigated the crystal structure of the produced MB fiber 

mats and the hot-pressed sheet to analyze the influence of the processing conditions (Figure 

35). The hot-pressed sheet showed Bragg reflection peaks (Figure 35 (a)) at planes 14°, 21.1°, 

21.7°, 27.2° and 28.5° correspond to monoclinic α crystal form on the planes of (110), (111), 

(041), (141,200,210) and (220), respectively. On the other hand, I observed X-ray diffraction 

peaks of the PP orthorhombic γ crystal form at 16.7°, 18.4°, 24.2° and 25.3° correspond to index 

planes of (008), (022), (206) and (00 12), respectively. 

 

Figure 35. The WAXD spectra of the samples tested. (a) reference PP hot-pressed sheet, melt-blown 

PP fiber mats produced at various melt blowing conditions; (b) die-to-collector distance (DCD) (50 

mm, 150 mm and 500 mm), (c) air temperature (125 °C, 225 °C and 300 °C) and (d) air pressure (1 bar, 

2 bar and 2.5 bar) 
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The fiber boundary restricts chain mobility. Unlike the fiber formation mechanism, the 

polymeric chains arranged themselves freely with high mobility during the processing of the 

PP hot-pressed sheet, which might give a different crystalline form. The WAXD analysis of the 

PP hot-pressed sheet suggests that lamellar branching occurred with two different crystal 

forms that suggest α crystals act as a nucleus for the γ crystals. I found that X-ray diffraction 

peaks consist of the superposition of the α PP parent and γ PP daughter crystals [163]. Besides, 

these results explain the double melting peaks obtained by the DSC study. This phenomenon 

might be attributed to the low viscosity and low molecular weight of the PP fiber grade resin 

used.  

Air drawing of the polymer jets in the melt blowing aligns PP molecules; however, the 

subsequent air quenching could freeze crystalline domains and render crystal phase transition. 

Findings showed that high-speed hot air flow stress diminished the γ-phase and transformed 

to the α and mesomorphic phase for the fiber samples [164]. To better understand the crystal 

structure of the PP fibers, I tested higher heating and cooling rates (20 °C/min) in DSC for the 

samples obtained from the air temperature tests (Figure A. 13, see Appendix). Increasing 

heating and cooling rate in DSC resulted in a single melting peak for both fiber samples and 

the hot-pressed sheet, except for the PP MB fiber mat produced at the highest air temperature 

(300 °C). This sample exhibited a double melting endotherm in the 2nd heat cycle. This change 

in melting characteristics is attributed to the high shearing and low viscosity when the very 

high air temperature is applied. On the other hand, a higher heat ramp caused a small cold 

crystallization peak except for the hot-pressed sheet at the 1st heating cycle. The WAXD and 

DSC finding suggested that PP fibers cannot complete the crystallization during the melt 

blowing because of the intense air quenching. Besides, these results indicate different crystal 

forms in PP MB fibers compared to the hot-pressed sheet. The 2nd heating thermograms 

showed that the double melting peak and, therefore, γ crystal form could be eliminated by 

increasing heating rates. I found that the crystal phase transformation due to the fast cooling 

of the fiber resulted in decreasing mechanical properties for the higher air velocities applied. 

On the other hand, the mechanical characteristics of the PP MB fiber mats produced at lower 

air pressures were also influenced by phase transition and fiber packing density and fiber 

entanglement.  

Findings implied that a double melting peak sourced by the α & γ epitaxial growth was 

precluded in the case of the MB fiber samples due to restricted molecular motion by the fiber 

boundary. In addition, the smaller size of crystal with lower degree perfection for the fiber 

samples avoided the double melting peak formation (1st heating cycle) observed in the DSC 

study. Upon 2nd heating in DSC, both fiber and sheet samples exhibited the same crystal 

melting behavior. The calculated crystal size and lattice spacing data through the WAXD 

analysis are given in Table A. 9-Table A. 10 (see Appendix). 

In the WAXD patterns, diffraction peaks slightly broaden as the crystallite size decreases 

by increasing air temperature and DCD. Results showed that increasing DCD emphasized air 
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quenching with larger fiber attenuation; therefore, the high-velocity fibers were cooled faster 

than the lower DCDs. This change in DCD caused a crystal phase transition from monoclinic 

α form to mesomorphic form, as shown in Figure 35 (b). PP mesomorphic phase has been 

characterized as an ordered intermediate between the crystalline and amorphous phases [165]. 

The PP MB fibers produced at DCD of 500 mm showed mesomorphic crystal peak diffractions 

around 2θ=15° and 2θ=22°, which indicates the coupled effect of the air quenching and fiber 

attenuation on the fiber structure development. Increasing air temperature significantly 

reduced the crystal size with decreasing fiber diameter. I observed a slight shifting of the α 

(110) plane 2θ Bragg reflection and interplanar lattice spacing with increasing air temperature. 

This indicates a rise in the content of the mesomorphic phase in the α form. There is a definite 

change in PP MB fiber structure which is confirmed with WAXD analysis. The related data are 

given in Table A. 9-Table A. 10 (see Appendix). 

4.2. Development of single-polypropylene composites: reinforced and interleaved with 

melt-blown polypropylene fiber mats 

4.2.1. Hot-compacted single-polypropylene composites made of melt-blown 

polypropylene fiber mats 

I generated PP fiber mats via melt-blowing (average diameter: 1.03 μm), then I produced 

single-PP composites using hot compaction at different temperatures. I compared and 

systematically analyzed the structural-mechanical-thermal properties of the produced 

composites to the neat MB fiber mat and the cold-pressed fiber mat.  

4.2.1.1. Tensile properties 

The average fiber diameter was 1.03±0.8 μm and the thickness of the mats was 2.9±0.2 mm 

(see Chapter 3.10.2). Figure 36 shows the averaged tensile test curves and the standard 

deviations (dashed lines) in every case and Table A. 11 (see Appendix) contains the analyzed 

data. Optical images of the specimens before and after the tensile test can be seen in Figure 37. 
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Figure 36. Specific force – relative strain curves of the tested MB PP fiber mats; (a) pristine fiber mat 

and cold-pressed fiber mat, (b) pressed at 125 °C, 135 °C, and 145 °C) (The dashed lines represent 

standard deviation) 

Figure 36 shows three different curves due to the different compression molding 

temperatures. The cold-pressed sample exhibits similar behavior to the fiber mat (Figure 

37 (a)), but the approximately 34-59% higher specific tensile force values and the lack of initial 

convex-below part on the onset refer to a certain fusion of fibers. The samples compacted at 

higher temperatures (Figure 36 (b)) exhibit significantly different behavior: a slightly higher 

and very sharp force peak and an order of magnitude smaller deformation. The rugged curve 

with gradual damage for 125 °C becomes simpler for 135 °C and that for 145 °C is terminated 

by catastrophic failure. Hence, increasing the temperature of the hot-pressing results in 

embrittlement (from ductile to brittle) of the samples. The fracture surfaces shown in Figure 

37 also confirm this. The maximum specific force maximum of the composites pressed at 135 

°C and 145 °C is two times greater than that of the nonwoven material. These results revealed 

that increasing hot compaction temperature increases fiber & matrix bonding unless the fibers 

do not melt completely; therefore, it is expected to enhance mechanical behaviors- In this 

regard, tensile test results are consistent with the SEM images. 

SEM micrographs of the cold-pressed and neat fiber mat and composite samples can be 

seen in Figure A. 14 (see Appendix). There is not any visible difference between the structure 

of the fiber and its cold-pressed counterpart (Figure A. 14 (a) vs. Figure A. 14 (b), see 

Appendix); however, it enhanced the tensile strength significantly. Cold pressing, therefore, 

did not change the morphology of the fibers but the quality of the bonding among them. 

Besides, a slight increase in the fiber packing density was observed after pressing the 

nonwoven sample, which I proved by density measurement and tensile testing. 
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Figure 37. Optical images of the tested samples before (left) and after (right) the tensile test (a) fiber 

mat, (b) cold-pressed, (c) 125 °C, (d) 135 °C and (e) 145 °C 

In the case of 125 °C (Figure A. 14 (c), see Appendix), the melting of the fibers took place 

only to a very small extent; however, the micrographs of the 135 and 145 °C (Figure A. 14 (d) 

and Figure A. 14 (e), see Appendix) samples already show a composite that has a good 

consolidation and besides, the fibers and the matrix are clearly distinguishable. 

Applying FFT conversion (see Chapter 3.10.2.2) from an SEM image to the grey intensity 

spectrum (Figure 38), I observed that the fiber mat (neat PP MB fiber mat) was randomly 

oriented, and Hermans’ orientation factor was 0.075 ± 0.02. This suggests that the fiber mat 

had quasi-isotropic properties. 

 

Figure 38. (a) SEM image of the nonwoven (PP fiber mat) and (b) representative grey intensity 

spectrum for Hermans’ orientation factor calculation  
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4.2.1.2. Thermal properties  

Figure 39 shows the DSC curves of the materials tested. The summary of the results of the 

DSC tests and the density measurements can be seen in Table 7. The density of the bulk PP 

material was 0.880±0.002 g/cm3. The first heating (Figure 39 (a)) characterizes the fiber and the 

composite structures themselves. There was a slight difference in their degree of crystallinity 

(Table 7). The fiber structure (approx. 1 μm diameter) hinders the growth of bigger lamellae 

via the phase boundaries. Therefore, after re-heating, a higher degree of crystallinity and 

bigger crystallites can be expected.  

 

Figure 39. DSC curves of the SPCs and fiber mats; (a) 1st heating and (b) 2nd heating 

The second heating (Figure 39 (b)) rather characterizes the material itself (as all the fibers 

already fused during the first heating) and it confirmed that all the samples behaved similarly 

upon re-melting. Therefore, I conclude that the melt-blowing and the hot pressing did not 

significantly alter the PP material, and it is possible to recycle these SPC materials easily. At 

the second heating, a double peak of the PP is visible, which implies the crystal phase 

transition explained in the previous Chapter 4.1.4. 

The crystal melting temperature of the fibers and composites, in which the α crystallites 

dominate, is approximately 5 °C higher than that of the PP itself. I tried to increase the 

compaction temperature further, but at 150 °C, the sample obtained was too brittle and broke 

when removed from the mold. On the other hand, the highest degree of crystallinity was 

obtained for the sample hot-pressed at 135 °C. I found that a higher compaction temperature 

(145 °C) resulted in the fuse of fibers and diminished the fiber content in the composite; 

therefore, the conclusion is that 135 °C gave the best results. 

Table 7 shows that the cold-pressed samples had lower porosity (i.e., higher fiber packing 

density) and higher density compared to the fiber mat (neat). However, there is no significant 

change found in DSC tests. On the other hand, increasing hot compaction temperature resulted 

in increasing density. This is because the decreased polymer viscosity led to better 

consolidation and lower void content. 
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Table 7. Characteristic parameters of the hot-compacted SPCs, MB PP fiber mat and cold-pressed MB 

PP fiber mat  

 First heating Second heating  

 χ [%] Tm [°C] χ [%] 
Tm (1st 

peak) [°C] 

Density 

[g/cm3] 

Porosity 

[%] 

MB PP fiber 

mat 
54 161.5 54 156.6 0.16 ± 0.020 81.7 ± 0.4 

MB PP cold 

pressed fiber 

mat 

55 161.9 58 157.6 0.18 ± 0.009 79.4 ± 1.1 

125 °C 51 161.3 54 157.2 0.866 ± 0.018 - 

135 °C 63 162.1 56 157.3 0.884 ± 0.007 - 

145 °C 59 160.5 54 157.0 0.883 ± 0.005 - 

4.2.2. Melt-blown polypropylene fiber mat interleaved single-polypropylene composites 

In this chapter, I demonstrate that integrating melt-blown fiber mat interleaves into single-

Polypropylene composites. Polypropylene veils were generated by melt blowing. I then 

created single-Polypropylene composites by film-stacking in which I applied a film as a 

matrix, a woven fabric as primary reinforcement, and the MB fiber mats as interleaves. The 

following section details the mechanical and thermal behavior of the new generation of SPCs. 

4.2.2.1. Fiber mat morphology 

In general, the MB fiber mat mechanical properties depend on several factors such as fiber 

packing density, porosity, polymer type, crystallinity, fiber entanglements and fiber diameter. 

Melt blowing typically generates self-bonded and highly entangled fiber mats that derive their 

strength from fiber-to-fiber contacts and intrinsic material properties. Thus, the newly formed 

fiber's ability to penetrate the fibers already on the collector significantly affects the fiber mat's 

load-bearing capability upon applied stress. High porosity is necessary as the matrix flows 

through pores during compression molding. I obtained a PP fiber mat with an average 

diameter of 2.28 ± 0.23 μm. The areal density of the PP fiber mat was 110.5 ± 35.4 g/m2. The 

diameter distribution and an SEM image are shown in Figure 40. 

 

Figure 40. MB PP fiber mat morphology; (a) fiber diameter distribution and (b) SEM image 
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4.2.2.2. Thermal properties 

I blended the low modulus iPP and rPP to improve the matrix and fiber mat's wetting at 

the compression molding (see Chapter 3.7). DSC first and second heating thermograms are 

given in Figure A. 16 (see Appendix) whilst the corresponding DSC data are given in Table A. 

13 (see Appendix). The low modulus iPP and rPP peak melting temperatures were around 

80 °C and 150 °C, respectively, and the second heating cycle crystallinity of the low modulus 

iPP and rPP were 8.8% and 31.6%, respectively. Results showed that blending iPP with rPP 

slightly decreased the degree of crystallinity and broadened the melting range. The hPP resin 

exhibited a single melting endotherm at around 167 °C, while it showed a double melting 

endotherm (at 152 °C and 160 °C) at the second heating cycle due to the crystalline phase 

transition (α,γ).  

I conducted DSC tests on the constituent components to examine the processing window. 

Results obtained are shown in Figure 41, while the related DSC data are given in Table A. 13 

(see Appendix). The blend PP film, MB fiber mat and the woven fabric crystalline peak melting 

temperatures were recorded around 150 °C, 160 °C and 168 °C, respectively, as shown in 

Figure 41.  

 

Figure 41. DSC 1st heating thermograms of the SPC constituent components 

I investigated the influence of the compression molding temperature and the MB fiber mat 

interleaves on the PP SPCs' thermal properties. Results showed that the SPCs' crystallinity was 

affected by both of these. The thermograms are shown in Figure 42, while the data is detailed 

in Table A. 14 (see Appendix). The film and MB fibers have a lower melting temperature than 

the woven fabric; hence, it is assumed that this resulted in some tiny shoulders (e.g.,155 MB/W, 

155 F/MB/W) instead of smooth curves during the DSC melting events. The crystalline melting 

enthalpy increased with the compression molding temperature, as shown in Figure 42 (b). The 

MB fiber mat interleaving increased the degree of crystallinity at all temperatures. These 

findings suggest that PP MB fibers act as nucleating agents for the PP matrix [128]. Besides, 

MB fibers had an intrinsically high degree of crystallinity (due to orientation and alignment of 

polymeric chains gained at the melt blowing); hence, the MB fiber mat veil interleaving further 

increased composite crystallinity (Figure 42 (b)). 
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Figure 42. DSC thermograms of the PP SPCs; (a) 1st heating thermograms of PP SPCs and (b) 

change in crystalline melting enthalpy with respect to the compression molding temperature (see 

Chapter 3.7.3 for stacking sequence and sample codes) 

150 F/W had the lowest crystallinity among the samples. I found that the crystallinity of the 

155 F/W SPC was 45 %, while the 155 MB/W and 155 F/MB/W SPC's crystallinities were 53% 

and 49%, respectively (Table A. 14, see Appendix). The 150 F/W composites also exhibited a 

double melting endotherm. The double peak melting endotherm and low crystallinity might 

be related to insufficient crystallization, crystalline imperfection, and poor consolidation due 

to low compression molding temperature. The 155 MB/W SPC showed the highest crystallinity 

among all the samples. This sample comprised only woven and fiber mat (highly crystalline) 

without matrix film (less crystalline). Therefore, the 155 MB/W had higher crystallinity than 

composites laminated with matrix film. 

4.2.2.3. Characterization of the mechanical behavior 

4.2.2.3.1. Tensile tests 

I determined the tensile behaviors of the SPC’s components (e.g., film, tape and fiber mat). 

The results obtained are given in Table A. 15 (see Appendix). Results revealed that the MB 

fiber mat's tensile strength is lower than that of the blend film and woven fabric. The fiber mat 

is a randomly aligned, self-bonded structure with high porosity and low solidity. Therefore, 

comparing fiber mat tensile strength to that of bulk material or a woven and densely woven 

fabric may be misleading. Even though the MB fiber mats' tensile strength was much lower 

than the matrix film and the woven fabric, these continuous fine PP fibers are expected to 

improve the matrix-fiber bonding (e.g., interfacial strength) due to their high aspect ratio 

(length/diameter) [122].  

In tensile tests, I observed that the highest tensile strength was recorded for the 150 F/W 

SPC. This phenomenon is associated with a high fraction of the highly oriented fibers when 

the compression molding temperature is low [166]. It is also related to the relaxation of the 

oriented amorphous tie molecules with increasing temperature, resulting in a slight decrement 

in the laminate tensile strength. F/MB/W SPCs tensile strength slightly improved (~7%) with 

increasing the temperature. I observed an early tape and interlayer debonding (indicated by 
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black arrows) for the 150 F/MB/W SPC due to poor consolidation at tensile testing, as shown 

in Figure 43 (b). Compared to 150 F/W SPC, this phenomenon resulted in more severe failure 

for 150 F/MB/W, as shown in Figure 43. This might be due to large differences in the 

constituent phases' mechanical properties and poor adhesion sourced by insufficient 

consolidation in the interlaminar region.  

 

 

Figure 43. Stress-strain relationship of PP SPCs produced at different compression molding 

temperatures; (a) F/W and (b) F/MB/W (black arrows indicates debonding events) 

The film placed between the woven layers helped to achieve a proper consolidation. The 

F/MB/W SPC tensile modulus was significantly higher than that of the MB/W SPC (Table 8); 

therefore, the film is needed to achieve good quality. Increasing the temperature was also 

beneficial. If the compression molding temperature was increased from 150 °C to 160 °C, the 

tensile modulus increased by ~25% for the F/W SPCs (Figure 43 and Table 8). The same can be 

observed in the case of MB interleaved specimens: 6% and 12% increase at 155 °C and 160 °C, 

respectively (Figure 43 (b)). Besides applying high temperatures and placing the film, the MB 

interleaving had the greatest positive effect. The MB interleaves increased the tensile modulus 

by 46% at 155 °C and 20% at 160 °C. This might be explained by the enhanced interfacial 

adhesion [167]. The tensile strength did not change significantly due to the MB interleaving, 

which means the fine, melt-blown fibers enhanced the consolidation without compromising 

other properties. Even though the mechanical properties of the melt-blown mats are far below 

both the woven fabric and film, they still make an improvement. Their homogenous dispersion 

and high surface area to volume ratio provide better penetration of the molten matrix, 

resulting in enhanced interfacial adhesion [168].  

The 0.5, 2 and 10% secant modulus of the F/MB/W SPCs were higher than that of F/W ones. 

The 155 F/MB/W SPC 2% secant modulus was 20% and 34% higher than 160 F/W, 155 F/W 

SPCs. In the case of 155 MB/W SPC, the mechanical behavior was the worst among the other 

samples. The local absence of the matrix phase and so the low interlayer bonding caused early 

tape and interlayer debonding (Figure 43 (b)). The SPCs exhibited differences in post-yield 

behavior. Results showed that insufficient molding temperature (150 F/W) and lack of matrix 

film (155 MB/W) caused severe delamination, and the rupture point was shifted to a higher 

strain.  
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Table 8. Tensile test results 

Sample 

code 

Tensile 

strength 

[MPa] 

Tensile 

modulus 

[GPa] 

0.5% 

secant 

modulus 

[MPa] 

2% 

secant 

modulus 

[MPa] 

10% 

secant 

modulus 

[MPa] 

Strain at 

break [-] 

150 F/W 95.3 ± 0.6 1.2 ± 0.2 5.7 ± 0.8 16.2 ± 1.4 50.0 ± 3.2 0.35 ± 0.02 

155 F/W 88.0 ±.4.6 1.3 ± 0.04 6.3 ± 0.4 15.8 ± 1.1 37.5 ± 3.0 0.36 ± 0.1 

160 F/W 89.5 ±3.7 1.5 ± 0.1 7.3 ± 0.6 17.6 ± 1.5 39.2 ± 3.0 0.36 ± 0.02 

150 

F/MB/W 
85.1 ± 2.4 1.7 ± 0.1 8.1 ± 0.4 19.3 ± 1.0 48.9 ± 2.6 0.31 ± 0.001 

155 

F/MB/W 
88.6 ± 3.6 1.9 ± 0.3 8.7 ± 1.2 21.2 ± 2.6 46.3 ± 4.1 0.32 ± 0.03 

160 

F/MB/W 
91.0 ± 3.3 1.8 ± 0.3 8.5 ± 1.3 20.5 ± 2.2 42.0 ± 4.8 0.36 ± 0.03 

155 MB/W 79.1 ±10.1 1.4 ± 0.3 6.6 ± 1.8 12.2 ± 2.5 32.0 ± 1.6 0.4 ± 0.1 

On the other hand, 150 F/MB/W SPC had severe tape delamination due to poor matrix-fiber 

wetting that caused a low strain at break. When the compression molding temperature was 

over 155 °C, SPCs post-yield had brittle failure characteristics. The MB fine fiber interleaved 

SPCs showed slower fracture progress after yielding, which is attributed to the MB fibers 

bridging effect. The 155 F/MB/W SPC had a lower strain at break, indicating increased stiffness 

and brittleness dominate the post-yield characteristics. The tensile modulus improvement for 

155 MB/W SPC proved the concept of self-interleaving via fine fiber mat for SPCs (Table 8). 

Since this study aimed to demonstrate the composite stiffness improvement, the true meaning 

of the MB/W still needs further study. Nevertheless, the results demonstrated that the 

interlaminar properties of MB fine fiber mat interleaving could maintain the lamina's load-

bearing capacity to a certain extent despite the reinforcing phase molecular relaxation. 

4.2.2.3.2. Evaluation of the short beam shear tests 

I conducted short beam shear tests to analyze further the effect of interleaving on the 

interlaminar properties. Results are summarized in Table 9, while the composite sample's 

stress-strain curves are given in Figure A. 17 (see Appendix). The short beam shear (SBS) test 

of the 150 F/W and 155 F/W samples showed an invalid failure mode (e.g., inelastic 

deformation and failure under compression load) due to the low stiffness; therefore, these 

results are not given. Low stiffness is related to poor fiber-matrix bonding due to the low 

temperature. I found that MB interleaving improved interlaminar shear strength (ILSS) by 17% 
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for the SPC produced at 155 °C. 155 F/MB/W SPC had the highest ILSS (5.92 ±0.66 MPa). On 

the other hand, ILSS of 160 F/MB/W SPC was only 6% higher than the 160 F/W one.  

Table 9. Variation of the ILSS and 95% CI of the SPCs 

Sample Code ILSS [MPa] 

150 F/MB/W 2.9 ± 0.17 

155 MB/W 1.5 ± 0.16 

155 F/MB/W 5.9 ± 0.66 

160 F/MB/W 5.3 ± 0.51 

160 F/W 5.1 ± 0.21 

A similar result with the tensile test was observed in the short beam shear tests for the 

155 MB/W SPC. The 155 MB/W exhibited very poor interlaminar bonding among the other 

samples. That is in good agreement with the tensile results and again confirms that applying 

the film is necessary for proper consolidation. Although, this might also be related to the 

processing temperature, which was 155 °C. Further extending the MB fiber mat's melting 

temperature might solve this issue. The short beam shear test of the 150 F/MB/W showed 

severe delamination and poor strength. The low compression molding temperature hampered 

the matrix flow through the textiles and resulted in weak consolidation. The SEM images 

(Figure 44 (a,b,c)) showed that MB fibers were able to create a well-established net-like 

structure in the interlaminar region of the 150 F/MB/W SPC despite these obstacles. The 

observed net-like structure also explains the increased composite stiffness; however, it was 

insufficient to prevent delamination. Increasing compression molding temperature achieved 

a proper matrix flow. This was translated to a higher ILSS, as is seen in the interleaved samples 

at 155 and 160 °C. However, at 160 °C, MB fine fibers might have undergone structural 

deterioration (e.g., losing fiber shape, molecular alignment, etc.), which slightly decreased the 

ILSS compared to the one produced at 155 °C.  



Yahya Kara   Ph.D. Thesis 

70 

 

Figure 44. SEM images revealing the interleaved SPCs and the bridging effect of MB fibers at 

different magnifications; (a)-(c) 150 F/MB/W composite, (d)-(f) 155 F/MB/W composite 

4.2.2.3.3. Instrumented falling weight impact tests 

For the 150 F/W, 150 F/MB/W and 155 MB/W samples, the instrumented falling weight 

impact (IFWI) analysis results are not given, as these samples could not be penetrated due to 

poor consolidation. These composites were delaminated during the impact, resulting in 

separated layers folding into the support ring. Figure 45 displays the change in the perforation 

energy, while the force-deformation curves are given in Figure A. 18 (see Appendix). 

 

Figure 45. IFWI test results; (a) variation of the perforation energy and ductility index (DI) and its 

standard errors for the tested SPCs (p < 0.05 significant difference) and optical images of the samples 

(b) 155 F/W, (c) 160 F/W, (d) 155 F/MB/W and (e) 160 F/MB/W after penetration 

Results showed that the interleaved composite prepared at 155 °C exhibited the highest 

perforation energy, while the perforation energy changed significantly compared to the 

160 F/MB/W one. I further analyzed via the one-tail t-test method (see Chapter 3.10.6.3) the 

155 F/MB/W and the 160 F/MB/W SPCs perforation energies. Results showed a significant 
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difference for which the p-value was less than 0.05, as shown in Figure 45. It is found that 

155 F/MB/W composite ductility index (DI) increased 29% compared to 155 F/W, suggesting 

that MB fiber mat interleaving enhanced the stiffness. In addition, the DI results implied a 

significant difference in that the p-value was less than 0.05 for 155 F/W and 155 F/MB/W. 

However, this improvement was less pronounced in the case of SPC's compression-molded at 

160 °C. The 155 F/W SPC showed widespread damage accumulation, as shown in Figure 45 (b). 

The 155 F/MB/W composite perforation energy was 14% and 26% higher than the 155 F/W and 

160 F/W SPCs, respectively. These findings prove the positive effect of interleaving. What is 

more, these results are in good agreement with the results obtained by tensile and short beam 

shear tests. Besides, I observed that the 155 F/W composites had an impact break with severe 

delamination and fiber pull-out. The MB fiber interleaved sample also exhibited similar 

behavior in the impact event; however, the delamination failure mechanism was less 

pronounced, as shown in Figure 45 (b) and Figure 45 (d). The delamination caused by impact 

showed an opposite trend for the SPCs compression molded at 160 °C. 160 F/W composite had 

localized damage with restricted delamination (Figure 45 (c)). However, 160 F/MB/W SPC 

suffered from the delamination at the impact event (Figure 45 (e)) because the structural 

integrity of the MB fine fiber interleaves deteriorated. Damaging the reinforcement while 

melting the matrix is the major problem with the SPCs. Excessive heating can result in fiber 

relaxation and loss of the reinforcing fiber's molecular orientation, worsening the SPC's 

mechanical behavior. Therefore, the MB fiber interleaving advantage was lost and ended up 

with dominant delamination at the impact event. 

On the other hand, the low temperature may lead to poor interfacial bonding between the 

fiber and the matrix. Results showed that interleaving was beneficial when properly setting 

the processing temperature. In this context, the interleaving strategies aim not only to enhance 

the resistance of laminated PP SPCs against various types of loadings but also to mitigate 

composite laminate failure mechanisms, e.g., delamination resistance against the impact 

stimulus, as shown in Figure 45 (d). 

4.2.2.3.4. DMA results  

It turned out that the 155 °C samples had the best properties; thus, I studied the dynamic 

mechanical behavior of those by frequency sweeps in the temperature range of 30 to 110 °C. I 

analyzed the storage modulus & frequency data based on the time-temperature superposition 

(TTS) principle. I shifted the curves to create a master curve at a reference temperature of 50 °C 

using WLF. The shifted data points and corresponding 𝑎𝑡  (x-shift) factors of the composites 

are shown in Figure 46. A van Gurp-Palmen plot was also generated to prove the TTS 

applicability for which I observed the isothermal frequency curves merged into a common 

line, as shown in Figure 46 (c). 
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Figure 46. DMA curves of SPCs: Storage modulus, E', with respect to frequency data shifts based 

on the time-temperature superposition (TTS) (a) 155 F/W SPC and (b) 155 F/MB/W SPC; (c) van Gurp-

Palmen plot of the SPCs and (d) Storage modulus and tan δ versus frequency master curves of the 

SPCs at a reference temperature of 50 °C 

Results showed that increasing frequency resulted in a rigid/elastic behavior in both SPCs, 

as shown in Figure 46. The frequency has an important role in the thermoplastic composite's 

viscoelastic response [169]. The matrix-reinforcement interface characteristics are directly 

related to the dissipation and storage of strain energy. It determines the quality and quantity 

of the stress transfer across the composite laminate, while a poor interface dissipates more 

energy and might increase the loss modulus and tan δ (i.e., viscous energy) due to the frictional 

dissipation mechanism. In this regard, findings showed that interleaving with MB fibers 

resulted in a strong interfacial adhesion, translating to a higher storage modulus. This 

improvement is due to the large surface-to-volume ratio of the MB PP fine fibers in the 

interlaminar region (Figure 46 (d)), which improved the penetration of the matrix. Mechanical 

energy dissipation is one of the prominent criteria for designing such composite structures for 

vibration damping applications. Improved storage modulus and reduced tan δ by interleaving 

indicate the dominant elastic character of the SPCs at a higher frequency prevailing over a 

viscous behavior. This result was also supported by the van Gurp–Palmen plots (Figure 46 (c)). 

These plots verified the TTS applicability for the SPC samples for which isothermal frequency 

curves merged into a common line [170]. I found that the peak tan δ in the van Gurp-Palmen 

plot was 21.6° and 16.33° for the neat and the interleaved sample, respectively. On the other 

hand, 155 F/MB/W and 155 F/W SPCs loss modulus at peak Tan δ were 329 MPa and 424 MPa, 
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respectively, while the storage modulus did not change significantly (1071 MPa and 1123 MPa 

for 155 F/W and 155 F/MB/W, respectively). These results also designate that interleaving 

enhanced the laminate stiffness, for which the energy dissipation, and so the tan δ is reduced.  

4.2.3. Development of multiwalled carbon nanotube doped polypropylene melt-blown 

fiber mat interleaved single-polypropylene composites 

In this chapter, I fabricated MWCNT-doped PP fine fibers via melt blowing and then 

created single-polymer hierarchical composites. The morphological, thermal and mechanical 

properties of the nanocomposite fibers are discussed. I also investigated the effect of the 

nanocomposite fine fiber mat interleaving on the thermal and mechanical properties of the 

SPCs.   

4.2.3.1. Analyzing multiwalled carbon nanotube doped polypropylene blends rheology and thermal 

properties 

I prepared a masterbatch and blends for making fibers via melt blowing (See Chapter 3.8). 

I made a binary PP compound that consisted of commercial-grade iPP, low viscosity, and low 

modulus LiPP in a mass ratio of 1:1 to prepare a masterbatch consisting of 5 wt% MWCNT. 

Then, I prepared PP/MWCNT nanocomposite blends with the masterbatch for melt blowing 

by the twin-screw extruder. In general, the high melt viscosity generates higher shear stresses, 

which helps reduce the MWCNT agglomerates' size. This phenomenon is known as 

agglomerate rupturing. On the other hand, recent studies showed that the dispersion of 

MWCNT agglomerates could also be achieved by eroding the particles from the agglomerate 

surface [171, 172]. Better melt infiltration may lead to erosion of agglomerates, which gives, in 

turn, efficient nanoparticle dispersion. In this regard, lower polymer melt viscosity may 

translate into an effective infiltration process (i.e., high molecular flexibility and mobility) [171, 

172]. On the other hand, incorporating nanoparticles and fillers into the polymer matrix 

increases the polymer viscosity [173]. Melt blowing requires low polymer melt viscosity for 

attenuating polymer jets into thinner fibers. The high melt viscosity yields the formation of 

larger fibers and defects; hence, the advantage of the process of forming fine fibers is lost. 

Therefore, the aim of preparing melt blowing nanocomposite blend (MWCNT/iPP/LiPP) was 

to lower the melt viscosity to allow fair dispersion of MWCNTs within the matrix and still be 

able to generate fine, continuous and defect-free fibers [174, 175].  

I analyzed the properties of the pristine and nanocomposite blends via capillary rheometry 

and DSC prior to melt blowing. DSC results (Figure 47 and Table A. 17, see Appendix) showed 

that the crystalline melting temperature slightly shifted to higher levels with MWCNT doping, 

while the crystalline melting enthalpy slightly increased. This increase might be related to the 

nucleating effect introduced by the MWCNTs, resulting in thicker lamellae and smaller crystal 

size [176]. Consequently, this can cause a slight increase in the peak crystalline melting 

temperature. I observed that the onset and peak crystallization temperatures shifted to a 

higher temperature in the cooling cycle with increasing MWCNT content (Figure 47 (a)). This 
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indicates the nucleation effect of MWCNT within the polymer matrix [177, 178]. The second 

heating cycle melting characteristics revealed that MWCNT restricted molecular mobility and 

suppressed the crystalline phase transition in the PP matrix. On the other hand, the pristine 

PP resin showed a double melting endotherm that indicates a crystalline phase transition from 

the stable α phase (monoclinic) to the mesomorphic form. The mesophase can form at cooling 

rates high enough to prevent the crystallization of the more stable monoclinic α form (See 

Chapter 4.1.4). Results implied that the CNT addition suppressed the crystalline phase 

transition and resulted in monoclinic α crystalline form.  

 

Figure 47. DSC thermograms of the pristine and MWCNT doped blends, (a) cooling, (b) 2nd heating 

and (c) variation of nanocomposite PP blend viscosity versus the shear rate at 180 °C 

Melt viscosity is critical in generating melt-blown fibers and also influences fiber 

characteristics. Findings showed an obvious shear-thinning characteristic for all the PP blends 

over the investigated shearing range. Melt blowing utilizes high shear rates to draw the 

polymer melt onto fine fibers [179]. MWCNT addition significantly increased the shear 

viscosity, as shown in Figure 47 (c). This phenomenon indicates that the MWCNT doping 

confined the molecular mobility. Increasing viscosity can be attributed to the dispersion and 

interaction of the MWCNTs with the polymer matrix. The difference in viscosity becomes 

lesser with increasing shear rates due to the breakdown and alignment of the MWCNT 

network.  

4.2.3.2. Analysis of multiwalled carbon nanotube doped polypropylene melt-blown fiber mat 

morphology, thermal and mechanical properties 

I generated fiber mats with various MWCNT contents ranging from 0 to 0.75 wt%. The 

optical and SEM images of the fiber mats are shown in Figure 48. I was able to generate 

continuous nanocomposite fibers up to 0.5 wt% MWCNT loading. The 0.75 wt% MWCNT 
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loaded material resulted in melt shots rather than fibers, as shown in Figure 48 (e) and Figure 

A. 19 (see Appendix). Attenuating the polymer melt into fine fibers by the pressurized hot air 

became difficult with high MWCNT content due to increased melt viscosity. The higher the 

viscosity, the higher the fiber diameter (Figure 49 (a), Table A. 18 and Figure A. 20, see 

Appendix), the pore size (Figure 49 (b) and Figure A. 21, see Appendix), while the fiber mat 

areal density decreases (Figure A. 22, see Appendix).  

 

Figure 48. Optical and SEM images of melt-blown fiber mats; (a) pristine, (b) 0.1 wt% CNT, (b) 0.25 

wt%, (d) 0.5 wt% CNT and (e) 0.75 wt% CNT (SEM images magnifications: x1000) 

In melt blowing, increasing viscosity is proportional to the fiber diameter and pore size 

[41, 180]. The same hot air drag and drawing force cannot attenuate the polymer melt with 

different viscosities to the same extent. Therefore, the fiber structure and property are greatly 

affected by polymer viscosity. Increasing polymer viscosity with the presence of MWCNT 

makes the shearing and disentanglement of molecules harder. Results revealed that increasing 

MWCNT content increased polymer viscosity and reduced drawing rate. Larger fibers yielded 

larger pores and lower areal density with increasing MWCNT content. Besides, thinner fibers 

cool faster, resulting in evenly distributed and high-quality (oriented, enhanced mechanical, 

thermal properties, etc.) fine fiber mats. Fiber mats with a larger diameter cool at a slower rate; 

therefore, this phenomenon might also cause defects and irregularities, for example, melt 

fusion and fiber shots.  
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Figure 49. Effect of MWCNT content on the (a) fiber diameter, shear viscosity at 50 1/s and (b) pore 

size (The red dashed lines represent the trend lines that are the best fits to the data based on the 

statistical functions, while the equations correspond are given in the figures with red colors) 

DSC tests (Figure 50, Table A. 19 and Table A. 20, see Appendix) revealed that the 

PP/MWNT nanocomposite fiber crystallization begins at a temperature higher than that of 

pristine PP, as shown in Figure 50 (b). The pristine fiber mat showed a single endotherm 

during the melting event, as shown in Figure 50 (a), while the blend had double peaks Figure 

47 (b)). This finding implies that the fiber mat has improved intrinsic orderliness compared to 

that of the blend. The peak crystallization temperature shifted to higher levels (up to 7 °C) with 

MWCNT loading compared to the pristine fibers. These results reveal that the MWCNT 

doping resulted in nucleation and growth of crystals in the PP matrix [171, 181]. However, no 

significant change in the crystallization enthalpy was observed since MWCNT content was 

very low (≤0.5 wt%). This might be sourced by the intrinsically highly oriented molecular fiber 

structure that maintains the crystallinity.  

As the MWCNT loadings increased, the degree of crystallinity decreased negligibly. These 

may be attributed to increasing the quantity of the molecular entanglements and nucleation of 

the PP crystallites caused by the MWCNT addition [182]. On the other hand, the 1st heating 

crystalline melting temperature slightly increased, approx. 1.5-2 °C, increasing MWCNT 

content compared to the pristine PP fiber mat (Figure 50 (a)). Similar to blends, pristine melt-

blown fibers showed a double melting endotherm, indicating crystalline phase transition in 

the second heating scans (i.e., removal of the thermal history). On the other hand, I found that 

the crystalline melting temperature of the fibers was shifted by around 1-1.5 °C to higher 

temperatures than at the nanocomposite blends (Table A. 17 and Table A. 20, see Appendix). 

The crystalline melting enthalpy of the 0.5 wt% MWCNT added fiber mat increased by 

approximately 3% (from ~40% to ~43%) compared to the blend (the same 0.5 wt% MWCNT 

content). However, no significant change is observed in peak crystalline melting temperature 

and enthalpy.  
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Figure 50. DSC thermograms of the fiber mats; (a) 1st heating and (b) cooling  

TGA results showed that PP degrades in a single step, which begins around 300 °C. Beyond 

300 °C, the degradation was significantly influenced by the MWCNT loading. The MWCNT 

loading increased the onset of thermal decomposition values (e.g., at 5 % weight loss) and the 

nanocomposite gained a maximum onset of 402 °C, as shown in Figure 51 and Table A. 21 (see 

Appendix). The MWCNT doping increased nanocomposite fiber mats' onset thermal 

degradation temperature between 55 to 77 °C that of pristine one. This improvement in 

thermal stability might be attributed to the fairly good matrix–nanotube interaction and the 

thermal conductivity of the nanotubes. Since carbon nanotubes have good thermal 

conductivity, the MWCNT could easily take up the heat applied to the nanocomposite fibers. 

Besides, MWCNT dispersion in the polymer matrix might induce the spreading of heat 

uniformly along with the fiber, resulting in enhanced thermal stability [182, 183]. 

 

Figure 51. TGA curves of the pristine and nanocomposite fiber mats  

The rate of crystallization, heat transfer mechanism, cooling rate, and kinetics were 

different in the presence of the MWCNT. Increasing MWCNT content might lead to faster 

cooling of the fibers [98, 181, 184]. A higher cooling rate causes individual fibers to solidify 

faster compared with pristine fibers, which reduces the extent of interfacial bonding between 

fibers [185-187]. Therefore, the fiber mat's specific strength significantly dropped with 

increasing MWCNT content (Figure 52). Besides, decreasing areal density with increasing 

MWCNT content also worsened the nanocomposite fiber mat's strength. MWCNT loading 
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increased the fiber diameter and pore size. Thicker fibers with high MWCNT content yielded 

fewer entanglements due to their higher bending stiffness, which dropped the fiber mat 

strength. With increasing MWCNT loading, the nanotube-rich areas become bigger, forming 

clusters/agglomerations. This phenomenon decreases the fiber mat strength due to debonding 

and stress concentration around the MWCNT agglomerations. In addition, MWCNT 

agglomerations and fiber shots were observed (Figure 48 and Figure A. 19 see Appendix), 

which can also explain the deterioration of the mechanical properties.  

Nanocomposite fiber mat with 0.05 and 0.1 wt% MWCNT showed higher specific strength 

compared to the pristine one (Figure 52 (a)). When the MWCNT content was 0.1 wt.%, the 

specific strength significantly improved among the other samples. This finding suggests that 

the nanoparticle's homogenous dispersion might be limited to 0.1 wt%. After this point, 

specific strength continuously decreased as MWCNT content increased. The areal density is 

generally proportional to the fiber mat strength due to the number of fiber entanglements. 

However, the intrinsic properties also influence the fiber mat performance. Results revealed 

that adding 0.1 wt%, MWCNT resulted in 78% higher specific strength, while the areal density 

was 90% lower than that of the pristine one (Figure 52). This improvement could be handy for 

applications where lightweight is essential. On the other hand, thinner fibers resulted in higher 

strength. This might be related to the shearing of the polymer melt, which in turn gave a more 

homogenous distribution of nanotubes during the melt blowing. Results revealed that 

increasing MWCNT doping caused increased viscosity that generated thick and defective 

fibers, resulting in weaker mechanical properties. I concluded that the 0.1 %wt CNT doping 

resulted in the best morphological, thermal and mechanical properties. Therefore, I chose the 

0.1 %wt doped MB PP fiber mat for the composite interleaving study. 

  

Figure 52. Variation of fiber mat’s specific strength and CNT content versus (a) fiber diameter and (b) 

areal density 

4.2.3.2.1. Analysis of multiwalled carbon nanotube doped polypropylene melt-blown nanocomposite 

fiber mat interleaved single-polypropylene composites 

I produced SPCs by interleaving with MB nanocomposite and pristine fiber mat veils. I used 

0.1 wt% MWCNT doped PP MB fiber mat (F/nanoPPMB/W) only since it showed significant 

improvement in specific tensile strength. It was compared with the pristine PP MB fiber mat 

interleaved SPC (F/PPMB/W) and SPC without an interleaving fibrous veil (F/W). The PP 



Yahya Kara   Ph.D. Thesis 

79 

woven fabric and PP blend film's DSC 1st heating scan data are given in Table 10, while DSC 

thermograms are shown in Figure A. 23 (see Appendix).  

Table 10. DSC 1st heating data of blend film and woven fabric 

 

1st heating crystalline 

peak melting 

temperature 

1st heating 

melting 

enthalpy 

Degree of crystallinity 

 [°C] [W/g] [%] 

PP Woven fabric 168.0 117.8 56.9 

PP Blend film 146.3 54.5 26.3 

4.2.3.2.1.1. Single-polypropylene composite's tensile properties 

I investigated the produced SPC's tensile properties using the DIC method. Results showed 

that the highest tensile strength and tensile modulus were recorded for the F/nanoPPMB/W 

SPC. The tensile modulus of the two interleaved composites was similar, while the MWCNT 

addition slightly improved the tensile strength (~7%), as shown in Figure 53 and Table 11. This 

is attributed to the enhanced mechanical properties of the MWCNT-doped PP fiber mat.  

The slight decrease in tensile strength in the case of F/PPMB/W might be related to the 

difference between the strength of the fiber mat interleaves and the matrix-reinforcement 

phases. The interleaved SPCs had a significantly higher load-bearing capacity at the low strain 

range, where tensile modulus was determined (Figure 53 (a-c)).  

Table 11. Tensile test data of the SPCs  

 Tensile modulus Tensile strength 

 [GPa] [MPa] 

F/W 1.9 ± 0.1 87.5 ± 7.0 

F/PPMB/W 2.5 ± 0.2 82.1 ± 6.7 

F/nanoPPMB/W 2.6 ± 0.1 89.1 ± 3.2 

Tensile modulus (i.e., elastic modulus, Young's modulus) is a key parameter in engineering 

design and materials development. The DIC strain field analysis showed that F/W SPC had 

higher strains in the elastic modulus range (0.05-0.25%). Results showed that the local strains 

were distributed on the surface for interleaved specimens. On the other hand, non-interleaved 

laminate (F/W) had a concentrated and highest strain towards the transverse direction. This 

also implies that the consolidation was better for the interleaved SPCs than for the F/W. The 

MB fiber mat interleaving restricted the severe failure mechanisms, like tape-debonding 

(Figure 53 (a-c)). This improvement is attributed to improved laminate stiffness by enhancing 

interfacial strength. However, the local strains were more distributed (Figure 53 (c)) due to 

enhanced stiffness and interfacial strength, but the highest strains were still concentrated in 
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the areas of the surface transverse tape. Nevertheless, the recorded highest strains for the 

interleaved SPCs were lower than for the non-interleaved ones for the tensile modulus range. 

 

Figure 53. Tensile modulus range local strain fields of the SPCs for (a) F/W, (b) F/PPMB/W, (c) 

F/nanoPPMB/W and (d) stress-strain curves of all SPCs 

In addition, F/W SPC's tensile modulus was slightly higher than F/PPMB/W one. Results 

implied that interleaved SPCs had lower strain at break, indicating ductile to brittle transition 

(i.e., stiffened matrix-reinforcement interphase), as shown in Figure 53 (d). Decreased strain at 

break was accompanied by the noticeable increase in modulus attributed to the improved 

interfacial adhesion and fine fibers veil's reinforcing effect [188]. I found that the non-

interleaved SPC had nearly 24% lower tensile modulus than interleaved SPCs. This finding 

proves that the nanocomposite fine fiber mat interleaving method established a fairly good 

interfacial adhesion between matrix and reinforcing fibers, resulting in stiffer laminae. 

The randomly and evenly distributed fine fibers predominantly suppressed the severe 

fracture in the tensile event. This improvement was also ought to MB fiber's large surface-to-

volume ratio. The MB fine fibers bridging (Figure 54 (d)) created lower strains in the interface, 
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increasing load-bearing capacity. The fiber-matrix interfacial interactions determine the 

polymer composite's structural integrity and overall performance against various loading 

conditions. Incorporating PP/MWCNT nanocomposite fiber mat veil also caused restriction 

sites at a molecular level, which prevented the SPC from deforming at high loads. The stiffness 

improvement by incorporating nanocomposite fiber was more pronounced at higher strain 

levels. Results showed that the non-interleaved laminate had intensive and high local strains 

propagating through the edges in multiple regions (Figure 54 (a)). The interleaved SPCs 

exhibited rather distributed highest strains, owing to enhanced interfacial properties. On the 

other hand, F/nanoPPMB/W SPC showed a lower strain and a more distributed local strain 

field than the F/W and F/PPMB/W, as shown in Figure 54 (a-c). These results indicate that the 

PP/MWCNT fiber mat interleaving veil enhances the interaction between the reinforcement 

and polymers, increasing the composite structure's load-carrying capacity. 

 

Figure 54. DIC contours of SPCs (a) F/W, (b) F/PPMB/W, (c) F/nanoPPMB/W at 0.5% local strain and 

(d) SEM image of the F/nanoPPMB/W nanocomposite fiber mat-matrix interface 

4.2.3.2.1.2. DMA frequency-sweep test results 

The SPCs dynamic mechanical performance was examined by frequency sweep tests and 

the time-temperature superposition (TTS) principle. The DMA frequency sweep curves were 

shifted to create a master curve at a reference temperature of 50 °C by using the WLF equation. 

The shifted data points and corresponding 𝑎𝑡  (x-shift) factors of the composites are shown in 

Figure 55 (a-c). 

The matrix-reinforcement interface characteristics are directly related to the dissipation and 

storage of strain energy. In this regard, a poor interface dissipates more energy and might 

increase the tan δ (i.e., viscous energy) due to the frictional dissipation mechanism. A 

rigid/elastic behavior was observed in all SPCs as frequency rose (Figure 55). On the other 

hand, the MB fiber mat interleaved SPCs (F/PPMB/W and F/nanoPPMB/W) showed lower tanδ 
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compared to that of the non-interleaved one. The relaxation of polymer chain segments was 

reduced with the MB fiber mat interleaving, while I observed a further decrease with 

nanocomposite fiber mat interleaved SPC. F/W, F/PPMB/W and F/nanoPPMBN/W SPCs tanδ 

were found to be 0.13, 0.11 and 0.10, respectively. Incorporating a nanocomposite fiber mat 

veil resulted in interconnected structures and restrained the segment mobility of the matrix 

molecules, resulting in reduced tan δ and improved storage modulus.  

 
Figure 55. DMA curves of SPCs: Storage modulus, E', with respect to frequency data shifts based 

on the time-temperature superposition (TTS) (a) F/W SPC, (b) F/PPMB/W SPC, (c) F/nanoPPMB/W 

and (d) storage modulus and tan δ versus frequency master curves of the SPCs at a reference 

temperature of 50 °C 

The mechanical energy dissipation ability of composite laminae is one of the key factors in 

designing composite structures for engineering applications. Enhanced storage modulus and 

reduced tanδ by interleaving indicate the dominant elastic character of the SPCs at a higher 

frequency prevailing over a viscous behavior. F/W, F/PPMB/W and F/nanoPPMBN/W SPCs 

storage modulus at peak tanδ were 783 MPa, 1246 MPa and 1659 MPa, respectively. In 

addition, these results are in-line with tensile test findings, which implies enhanced laminate 

stiffness by the MB fiber interleaving. These results implied that incorporating PP/MWCNT 

nanocomposite fibers interleaving veils provided a more robust interfacial adhesion, 

translating to a higher storage modulus and lower tanδ of the SPCs.  
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4.3. Generating stereocomplex and homocrystalline melt-blown poly(lactic acid) fiber 

mats and their characteristics  

I generated PDLA, 3D1L, 1D1L, 1D3L and PLLA (see Chapter 3.9.1) MB fiber with average 

diameters ranging from 1.8 μm to 3.3 μm via melt blowing. The melt stereocomplexation and 

melt blowing fiber generation are shown in Figure 56. The SEM images and fiber diameters 

are shown in Figure 57, while fiber diameter distributions are shown in Figure A. 24 (see 

Appendix).  

 

Figure 56. Schematic of the melt stereocomplexation and related MB PLA fiber production via melt 

blowing 

 Results showed that 1D1L MB fiber mats had the smallest average fiber diameter, 

1.8 ± 0.3 μm, among the other samples, while the PLLA fiber mat had the largest average fiber 

diameter, 3.3 ± 0.4 μm. On the other hand, all the PLA fiber mat's porosity did not show a 

significant change. I observed that the 1D1L fiber mat had nearly 70 to 80% thinner fiber 

diameter, while 3D1L and 1D3L had 20 to 30% compared to the PDLA and PLLA fiber mats. 

The stereocomplexation resulted in strong and physically crosslinked crystalline domains, as 

shown in Figure 56. As a result, the molecular chains are confined to the network structure in 

the blended melt. This phenomenon might cause more pronounced local stresses in the 

network system; hence, larger deformation might occur between strong SC crystalline 

domains [189]. This is similar to "Tug of War" proposed by Deng et al. [190]. They reported 

that PP/PS blend MB fiber diameter decreased with increased PS content due to the 

continuously fluctuated melt viscosity of the blend. Findings imply that high SC content (i.e., 

1D1L) led to the formation of hard domains (i.e., confined network structure) along the SC 
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molecular chain, caused high local stress during the fiber formation and resulted in a 

significant decrease in the fiber diameter.  

The PLLA and PDLA fiber mats had nearly the same specific stiffness, while that of the 

fiber mats made of 3D1L and 1D1L blends were higher. However, the specific strength of the 

1D3L fiber mat slightly decreased due to melt-blowing instabilities (Figure A. 25, see 

Appendix). Such instabilities and defects are unfavorable for the melt-blowing process and 

result in uneven fiber morphology (i.e., droplets, fiber shots, flies) [30]. The 1D3L fiber mats 

had fiber shots and droplets, which weakened the fiber mat's strength.  

 

Figure 57. MB fiber mats SEM images; (a) PDLA, (b) 3D1L, (c) 1D1L, (d) 1D3L, (e) PLLA and (f) 

average fiber diameters and 95% CI of the fiber mats  

TGA results revealed that the degradation temperature of the SC PLA fibers shifted to a 

higher temperature due to the presence of the SC crystallites, as shown in Figure 58 (b). The 

1D1L fiber mat decomposition temperatures, at which 95% and 50% of the mass remained, 

were nearly 40 °C higher than those of PDLA and PLLA fiber mats. Results showed that the 

denser chain packing and the stronger intermolecular stereocomplexation exhibited enhanced 

thermal stability.  

DSC findings showed that SC formed for the 1D1L fibers (1:1), while both HC and SC took 

place in the blends with asymmetric compositions (1:3 and 3:1), as shown in Figure 56. In this 

regard, the D and L enantiomers DSC 1st heating melting peak was observed between 165-

175 °C (Figure 58 (c)), which is attributed to the melting of HC domains. The HCs are 

composed of either PLLA or PDLA chains. On the other hand, SC crystallites are formed when 

PLLA and PDLA molecules are packed side by side [191]. The excess amount of PDLA or 

PLLA enantiomers remained without participating in the SC formation; therefore, some HC 

domains were observed at the DSC thermograms as an endothermic peak of around 170 °C 

(Figure 56 and Figure 58 (c)). The fiber mat's characteristics primarily depend on the degree of 

stereocomplexation [192]. 1D3L, 1D1L and 3D1L fiber mat's degree of SC crystallinity were 



Yahya Kara   Ph.D. Thesis 

85 

33.8, 56.7, and 55.5%, respectively. On the other hand, the 1D3L and 3D1L fiber mat's SC and 

HC total degree of crystallinity was found to be 49.7 and 58.3%, respectively, as shown in 

Figure 58 (d). These findings indicated that the degree of crystallinity of SC crystals increases 

with increasing D lactic content. The degree of crystallinity of the SC-PLA fiber mat was up to 

56% when the PDLA content was 75 wt%.  

 

Figure 58. Characteristics of the SC and HC PLA MB fiber mats; (a) specific strength and porosity, (b) 

TGA curves, (c) 1st heating thermograms and (d) overall crystallinity (HC+SC) variation for the neat 

and blend fibers 

Results showed that melt blowing resulted in a large extent of SC crystal formation. The 

dominant SC formation is associated with a higher intrinsic orderliness, restricted by the fiber 

boundary. Besides, the high shearing force caused by high-velocity air led to improved 

interaction between the PLLA and PDLA chains, which resulted in the formation of SC by 

suppressing the formation of HCs [193]. These results confirmed that melt blowing improves 

the fibers' thermal stability and specific strength by enhancing the SC content, as shown in 

Figure 58 and Figure A. 26 (see Appendix).   

4.3.1. Evaluating degradation & disintegration of melt-blown poly(lactic acid) fiber mats 

under composting conditions  

I evaluated the composted PLA fiber mats' decomposition behavior by SEM, DSC, and 

DTG. The fiber mat decomposition was also analyzed via visual inspection of the recovered 

pieces, as shown in Figure 59. The PLLA fiber mat showed the lowest resistance against 
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decomposition and exhibited fiber ruptures and signs of erosion on the fiber surfaces after 7 

days of composting, while PDLA and 1D3L samples followed similar behavior after day 11. 

By day 14, the degree of erosion became severe, and all the fiber mats presented an intensive 

deposition of composting matter on the surface. It seems that the composting matter fiercely 

bonded to the fibers, thus causing high interaction of microorganisms from day 14.  

 

Figure 59. Optical images of MB fiber mats at different decomposition times (purple color bar 

represents 10 mm) 

Results showed that the PLLA fiber mat had the fastest composting disintegration, while 

the 1D3L and PDLA fiber mats followed this. The 1D1L fibers showed higher resistance 

against disintegration and degradation. The test sample's thickness, physical form (fiber, film, 

etc.) and structure (i.e., crystallinity) play a crucial role in the decomposition rate [91, 194]. SEM 

investigations suggested that PLLA and PDLA fiber mats had extensive surface-to-bulk 

erosion and fiber rupture, as shown in Figure 60. The composting-induced structural evolution 

illustrates extensive bulk erosion after 14 days, as shown in Figure 60 (c and f). On the contrary, 

the 1D1L fiber mat showed fiber ruptures (i.e., brittle fracture) and a trace of surface erosion 

(Figure 60 (k)). The 3D1L and 1D3L fiber mats exhibited a similar degradation mechanism as 

the 1D1L SC fiber mat. SEM findings suggest that SC content somewhat slowed down the bulk 

erosion mechanism. However, all the PLA fiber mats were fully disintegrated under 

composting conditions in less than 40 days, indicating a high surface area of fibers might boost 

a faster degradability in compost regardless of the molecular structure [195].  
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Figure 60. SEM images of MB fiber mats after 7 and 14 days of disintegration & composting times; (a-

c) PLLA, (d-f) PDLA, (g-h) 1D3L and (i-k) 1D1L 

I only evaluated composting behavior via TGA and DSC until day 14 because, from day 21, 

the composting matter content on the fibers hampered the DSC and TGA analysis. The DSC 

data on day 21 showed a baseline only, which is why these data were not included in the DSC 

and DTG data evaluation. In addition, this phenomenon also reveals how fast fibers placed in 

compost decompose. The fast decomposition might be related to the thin fibers with high 

surface area and high porosity [195, 196]. Results showed that the crystalline melting 

temperature of the 3D1L and 1D3L fibers dramatically decreases with increasing 

decomposition time, as presented in Figure 61 and Table A. 22 (see Appendix). These results 

suggest that the composted PLA fiber mats underwent continuous deterioration in the 

amorphous and crystalline domains regardless of the crystalline structure.  
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Figure 61. DSC 1st heating thermograms of the fiber mats; (a) PDLA, (b) 3D1L, (c) 1D1L, (d) 1D3L and 

(e) PLLA at different decomposition times 

Results implied that fiber mat crystallinities increased after 7 days in the composting test. 

Even though the fiber-making process yields a highly oriented crystalline structure, PLLA and 

PDLA fibers had a very low degree of crystallinity after the melt blowing (day 0). However, 

the composting induced a higher degree of crystallinity over the 14 days decomposition time 

for PLLA and PDLA fiber mats, as shown in Figure 62 and Table A. 23 (see Appendix). This 

might be attributed to the intrinsic water-absorbing capacity of PLA [197]. The PLA's 

amorphous domains tend to take up water, which initiates hydrolytic degradation 

mechanisms before a possible degradation begins in the crystalline regions. This yields an 

increased ability to reorganize molecular chains and the space available in the domain. As a 

result, polymeric material could exhibit increasing crystallinity alongside rigidity and fragility 

[198, 199]. On day 7, the PLLA and PDLA fiber mat crystallinities were raised to 65 and 70%, 
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respectively. Then, the degree of crystallinity significantly decreased to 35-40% after day 14, 

which might be related to the decomposition of the crystalline fraction [200]. We observed 

similar characteristics for the 1D1L fiber mat after 7 days of composting. On the other hand, 

3D1L and 1D3L fibers showed the opposite behavior with a continuous decrease in the degree 

of crystallinity over the 14 days decomposition time. The 3D1L and 1D3L fibers showed no 

HC content in the day 14 DSC thermograms. This finding implies composting started at HC 

domains, followed by SC domains in the 3D1L and 1D3L fibers. On day 14, the 3D1L and 1D3L 

fibers' degree of crystallinity reduced drastically, suggesting a fast decomposition rate under 

composting conditions. The 1D1L fiber's degree of crystallinity first increased to nearly 70% 

after 7 days, then reverted to 55%.  

 

Figure 62. Degree of crystallinity of (a) homocrystalline (HC) and (b) stereocomplex (SC) crystals after 

different decomposition times, obtained from the DSC 1st heating 

DTG curves suggest that fibers decomposed gradually during the composting, as shown in 

Figure 63. The results are in good agreement with the degree of crystallinity and melting 

temperature decrease. The initial mass loss and the final decomposition temperature 

dramatically shifted to lower temperatures, indicating reduced molecular weight. Results 

showed that the SC and HC fiber's maximum mass loss rate temperature decreased 

significantly after 7 days of composting. I observed a cliff fall in initial mass loss and maximum 

mass loss rate temperature after 7 days, attributed to fast hydrolytic degradation in the 

composting medium. However, the final decomposition temperature did not change 

significantly for all the PLA fiber mats (~340 °C) on day 14. The decomposition temperature 

became broader with increasing decomposition time, evidencing the crystalline phase 

transitions and subsequent degradation.  
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Figure 63. DTG curves of the fiber mats; (a) PDLA, (b) 3D1L, (c) 1D1L, (d) 1D3L and (e) PLLA at 

different decomposition times 

4.3.2. Analyzing the melt-blown poly(lactic acid) fiber mat's decomposition in the 

hydrolytic medium 

The DSC results revealed that the peak melting temperatures shifted to lower temperatures 

(Figure 64). The detailed DSC data are given in Table A. 24 and Table A. 25 (see Appendix). 

After 21 days of immersion, HC crystal melting endotherms and cold crystallization exotherms 

disappeared for the 3D1L and 1D3L fibers. After 14 days in water, cold crystallization 

exotherms also disappeared for all the PLLA and PDLA samples. These findings imply that 

all PLA fibers underwent hydrolysis and hydrolysis-induced crystallization. For the HC 

domains of the PLLA and PDLA fibers, we observed an extensive decrease in the crystalline 

melting temperature until day 21, implying rapid hydrolysis. After day 21, the 1D1L, 3D1L 
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and 1D3L fibers had a similar crystallinity trend until day 70. The hydrolysis behavior for the 

3D1L and 1D3L could be divided into three steps: the initial fast hydrolysis of the amorphous 

domains, followed by HC domains' hydrolysis, and then slow hydrolysis of the remaining SC 

domains.  

 

Figure 64. DSC 1st heating thermograms of the fiber mats; (a) PDLA, (b) 3D1L, (c) 1D1L, (d) 1D3L, and 

(e) PLLA at different decomposition times 

The degree of crystallinity decreased after the first week, but the trends were not clear 

(Figure 65, Table A. 26 and Table A. 27, see Appendix). In general, the water molecules' access 

to chains inside the rigid crystalline domains was highly restricted. Hence, the increased 

degree of crystallinity at an early hydrolytic decomposition is mainly related to the 

degradation of amorphous domains.   
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The phenomenon can be explained by a fast water diffusion followed by hydrolysis of the 

molecular chains in the amorphous region. The 1D1L, 3D1L and 1D3L fibers exhibited a way 

lower change in the degree of crystallinity in the early decomposition times, indicating high 

hydrolysis resistance of the molecular chains in the amorphous domains. I found that SC 

amorphous domains also had somewhat higher water absorption resistance.  

This phenomenon yielded a selective hydrolytic cleavage of chains in the amorphous 

regions of the molecular chains [201]. Therefore, hydrolysis occurred in water-soluble 

oligomers and monomers, while only some residual crystalline regions participated in the 

decomposition. The significant jump in the degree of crystallinity of the PLLA and PDLA fiber 

mat is related to the fast and extensive hydrolysis of the amorphous domains at the early 

decomposition times. Later, slowly degraded HC domains and related degradation products 

resulted in a slight decrease in the degree of crystallinity. The degree of crystallinity could 

decrease if hydrolysis is extended through the crystalline domains, which happens after the 

hydrolysis of the amorphous region has proceeded [202]. The 1D1L, 3D1L and 1D3L fibers 

exhibited a severe disintegration sourced by surface erosion in the hydrolytic medium. These 

results imply hydrolysis proceeded mainly along the crystalline boundary while the 

amorphous domains decomposed for the 1D1L, 3D1L and 1D3L fiber mats.  

 

Figure 65. Change in the degree of crystallinity of (a) HC and (b) SC crystals over the hydrolytic 

decomposition time 

DSC cooling cycles are shown in Figure 66, while DSC data are given in Table A. 28 and 

Table A. 29 (see Appendix). The 1D3L and 3D1L fibers had their exothermic HC and SC 

crystallization peaks until day 28. After that, both melting and crystallization peaks related to 

HC crystalline domains disappeared. 3D1L and 1D3L fiber mats had double exothermic peaks 

from day 28, representing gradual hydrolytic decomposition behavior. Besides that, 

hydrolysis favors reducing the quantity of the amorphous domains that might increase chain 

mobility; thus, this allows chains to reorganize and crystallize, resulting in multiple peaks 

[200]. The peak crystalline melting temperature of 3D1L and 1D3L materials deteriorated 

continuously after day 28. In contrast, low-temperature peaks related to HC domains (between 

90-135 °C) exhibited lesser heat fusion and tended to disappear over time. Decreasing peak 

crystallization temperature might be related to shorter chains and initiation of the water into 

the crystalline domains [201, 203]. On the other hand, PLLA and PDLA fibers had a continuous 
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degradation, resulting in different crystalline species and hydrolytic decomposition time. The 

fully stereocomplex 1D1L fibers' peak crystalline melting temperature decreased gradually 

only after day 42. These findings imply that the existence of both HC and SC crystal domains 

might also be favorable for the fast hydrolytic degradation of PLA fibers. This might be 

attributed to crystalline imperfections formed between HC and SC crystal domains [204]. 

 

Figure 66. DSC cooling thermograms of the fiber mats; (a) PDLA, (b) 3D1L, (c) 1D1L, (d) 1D3L, and (e) 

PLLA at different decomposition times 

In DTG analysis, all PLA fibers' initial mass loss temperature and maximum mass loss rate 

temperature continuously shifted to lower temperatures over the decomposition time (Figure 

67). TGA data are given in Table A. 30 (see Appendix). DTG results are in line with the DSC 

findings. All PLA fiber mat's DTG curves had shoulders or peaks at lower temperatures beside 

the main decomposition peak. That indicates that monomers or oligomers with increasing 

hydrolytic decomposition time are present [150, 200]. These are the product of chain scission 
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and cleavage due to extensive hydrolysis. I observed the lowest change in thermal 

decomposition temperature obtained for the 1D1L fibers having SC crystals as crystalline 

species, followed by 3D1L. PLLA and PDLA fibers had the weakest thermal stability, and 

decomposition temperature shifted to lower levels over hydrolytic decomposition time.  

 

Figure 67. DTG curves of the fiber mats; (a) PDLA, (b) 3D1L, (c) 1D1L, (d) 1D3L, (e) PLLA at 

different decomposition times 

The SEM images demonstrating hydrolysis-induced structural decomposition in the fiber 

mat are shown in Figure 68. The PLA fibers with HC showed similar degradation traces as at 

composting (Figure 60 (c) and (f)). The bulk erosion texture (Figure 68 (a-b)) indicates extensive 

and fast hydrolytic decomposition. Besides, fibers with HC content disintegrated much faster 

than those with single SC crystals. The morphology of 3D1L, 1D1L, and 1D3L samples 
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exhibited mainly ruptures and surface erosion. In addition, SEM investigations implied that 

fiber diameter slightly increased due to water absorption (swelling). 

 

Figure 68. SEM images of the (a-b) PDLA, (c) 3D1L, (d-e) 1D1L and (f) 1D3L PLA fibers hydrolytic 

decomposition at day 21 

Results implemented that the crystalline structure was dominant in the decomposition 

speed. The SEM images (Figure 69) also illustrate that hydrolysis resulted in severe 

disintegration of the PLLA and PDLA fiber mats. These first exhibited fiber ruptures, then 

short fibers accumulated and stuck to each other and formed small spheres, and they became 

a powder. After day 56, there is almost no trace of fiber shape. The stereocomplex 1D1L fibers 

more or less kept the fiber shape until day 70. On the other hand, 3D1L and 1D3L fibers 

suffered substantial fiber rupturing under hydrolysis. However, high PLLA content (1D3L 

fiber mat) showed fiber sticking and spheres of powders in the last stage of hydrolytic 

decomposition over 56 days, similar to PLLA and PDLA characteristics. I also observed that 

all PLA fiber mats entirely disintegrated due to hydrolysis after 70 days in the hydrolytic 

medium. Results showed that the 1D1L fiber mat had high resistance to disintegration and 

decomposition. The PLLA fiber mat showed the lowest resistance to hydrolytic 

decomposition; the 1D3L fiber mat followed this. SEM studies revealed that the SC PLA fibers 

were more resistant to shape deterioration and erosion than PLLA and PDLA fibers in the 

hydrolytic medium.  
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Figure 69. SEM images of MB fiber mats at different hydrolytic decomposition times 
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4.4. Development of an apparatus for generating ultra-fine continuous fibers via fused 

filament fabrication and method for producing 3D printed hierarchical structures 

 I designed a tool capable of combining two individual manufacturing processes, namely 

FFF printing and nonwoven generating, into a single apparatus. The current chapter details 

the invention employing straightforward, cost-efficient and value-added operations.  

4.4.1. Apparatus working mechanism 

The developed apparatus bears two functions: continuous fine fiber generating (FG mode) 

(Figure A. 27, see Appendix) and filament extrusion (FE mode) (Figure A. 28, see Appendix). 

The novel apparatus consists of two major parts: the air knife module (7) and the heated block 

(8). The air knife module (7) has a conic geometry with a cone opening half-angle (α) that 

generates a high (i.e., air velocity reaches supersonic levels, See Chapter 4.4.2) drawing force 

(Figure 70). The cone opening half-angle from 35° to 60° (i.e., air knife) is favorable for 

generating continuous fibers. The molten polymer is accelerated and dragged to a high 

drawing rate by blowing hot air when leaving the air knife module. The hot pressurized 

airflow enhances the polymer's attenuation rate, enabling attenuating polymer melt to form 

fine fibers. The molten polymer is drawn and dragged with pressurized hot air flow and forms 

into ultra-fine fibers. 

 

Figure 70. A half-section view of the developed FFF apparatus; 1: heat sink, 2: nozzle, 3: air tube 

connector, 4: heat sink, 5: throat heat break, 6: throat heat break, 7: air knife module, 8: heated block, 9: 

O-ring, 13: air tube, 14: air channel, 15: printer assembly connectors 

The apparatus possesses a straightforward design that allows switching between FE and 

FG modes. The opening between the air knife module (7) and the heated block (8) can be 
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adjusted by leveling bolts (11-12) (Figure 19). Therefore, hierarchical structures can be 

generated by FE and FG modes of operation continuously. The developed method and 

apparatus facilitate generating 3D printed parts and fine fibers via FFF technology, as shown 

in Figure 71 and Figure 72.  

 

Figure 71. Schematic of the filament extrusion (FE) mode (Video 1); (a) 2D illustration of the FE mode 

with the air knife having a 35° cone opening angle and (b) 3D model of the apparatus with the air 

knife having a 60° cone opening angle and optical images of the FE mode 

Unlike traditional extrusion-based fiber-making methods such as melt-blowing technology, 

the developed apparatus generates fibers from thermoplastic filament extruded through a 

heated short length (e.g., 35 mm) without using an extrusion screw (Figure 71 and Figure 72). 

The apparatus uses a FFF filament as the raw material as it is used in FFF 3D printing. In this 

regard, the apparatus can generate fibers without an extruder screw (i.e., traditional extrusion-

https://drive.google.com/file/d/1KfBshp6iOd7fpw6pi7R1bRW5bEj1f7pI/view?usp=sharing
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based fiber spinning methods require an extruder with a screw), and this extinct difference 

makes the method novel, while the apparatus allows FFF print structures (FE mode) from the 

same material used for FG mode. This feature also allows FFF printing of structures and fine 

fibers without employing expensive hardware or software.  

 

Figure 72. Schematic of the fiber generating (FG) mode (Video 2); (a) 2D illustration of the FG mode, 

(b) optical image of FG process with the novel apparatus and (c) SEM image of the generated 

nanofibers 

The developed apparatus does not require too expensive hardware; for example, the throat 

tube, brass nozzle and heat sink are commercially available for FFF printers. With the 

developed apparatus, a commercial FFF printer with the necessary modifications can be used 

for both fiber-making and filament extrusion processes (Figure 73, Figure A. 29 and Figure A. 

30, see Appendix). The method makes it possible to produce hierarchical FFF printed 

structures comprising nano-/micro fibers and extruded filament continuously using a single 

apparatus (Figure A. 29 - Figure A. 32, see Appendix). I analyzed the geometry of the 3D 

https://drive.google.com/file/d/1Kf6tARKQ5efRQ-vG6HLujshWvjbPhv07/view?usp=sharing
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printed sample and the CAD model. Findings showed that the relative error between the 3D 

model and 3D printed samples is fairly small (<5%) (Table A. 31, see Appendix and Chapter 

3.13.3.1).  

Furthermore, the developed apparatus can also be used with multiple printing heads 

simultaneously as well. The novel apparatus could generate fine fibers, while the other 

printing head(s) (i.e., extruders) could extrude filament to print 3D parts. In this way, the 

material range used to print hierarchical 3D printed parts can be extended further. Introducing 

a functional nano-/micro fiber mat via FFF printing of the filament layers can bring potential 

benefits, such as a more flexible and cost-effective production of advanced engineering 

structures via FFF. Besides, the straightforward implementation of the continuous nano-/micro 

fiber mat and FFF print can avoid unnecessary use of resources and minimize production 

waste. 

 

Figure 73. Optical images of FFF printer assembly (a) Velleman 8200 FFF printer with the 

developed apparatus, (b) close look up to the developed apparatus 

4.4.2. Analyzing the airflow field 

Computational fluid dynamics (CFD) simulations were employed to model the airflow 

field at the exit of the novel print head. I also conducted experimental air temperature and 

airflow rate measurements to correlate with CFD simulation results. The CFD and 

experimental air temperature data are shown in Figure 74. I measured 7 points at a 5-40 mm 

distance from the tool tip with a K-type thermocouple. I also monitored the apparatus 

temperature while the flow of hot pressurized air (250 °C) was on. In addition, the apparatus 

temperature was continuously monitored via the printer interface (with an additional K-type 

thermocouple attached to the apparatus). Results implied that the difference between the CFD 

and experimental data was reasonable; hence, I concluded that CFD results could be used to 

model airflow field and related process parameters.  
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Figure 74. Comparison of the CFD and experimental air temperature data at the applied air pressure 

of (a) 1 bar and (b) 1.5 bar 

I also measured the airflow rate (in normal L/min) with a flow meter (See Chapter 3.13.5) 

when no air heating was applied. I analyzed the mass flow rate obtained by experimental and 

CFD analysis. Results are given in Table 12. Findings showed that the relative error between 

the CFD and experimentally calculated mass flow rate data is fairly small (<10%). I 

investigated the pressure loss characteristic between CFD and experimental data. Results 

showed that the CFD mass flow rate regime correlates with experimental data and expresses 

fair agreement, as shown in Figure A. 33 (see Appendix). In conclusion, I found that CFD 

simulations are in good agreement with the experimental measurements.  

Table 12. Air mass flow rate data obtained from experiments and CFD simulations 

Air 

pressure 

Experimental 

air flow rate 
�̇�𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 �̇�𝐶𝐹𝐷 

Relative 

error 

[bar] [L/min] [g/s] [g/s] [%] 

0.39 59 0.91 1.07 14.7 

0.67 82 1.26 1.37 7.9 

1 105 1.60 1.73 6.9 

1.35 128 1.96 2.11 7.2 

1.68 150 2.27 2.47 8.1 

2.02 172 2.58 2.84 9.2 

2.38 196 2.92 3.24 9.8 

I investigated the effect of air pressure (1, 1.5 and 2 bars) and cone opening angle (35° and 

60°) on the air temperature (Figure 75 - Figure 78) and air velocity field. Results implied that 

air temperature drops faster near the apparatus when the air pressure increases. The 

temperature gradient at the early travel of the air and fiber affects the final fiber properties 

(e.g., fiber-to-fiber contact, fiber mat thermal and mechanical properties, fiber crystallization 

and attenuation rate.) dramatically. For example, when the air cools down fast, it gives a 

quicker solidification of fiber (i.e., faster cooling of fibers), giving poor fiber bonding. However, 
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air velocity (i.e., air pressure, airflow rate) also plays a vital role in the fiber structure 

development, as described in Chapter 4.1.  

 

Figure 75. Variation of the air temperature upon exiting the die for the air knife tool with half-cone 

opening angles of 35° and 60° at various pressure levels 

Results showed that the air temperature cools down slower after exiting the apparatus for 

35° air knife. This is related to the air velocity profile, which is slower in the case of the 35° 

half-cone opening angle. The 60° air knife exhibited lower air temperatures and higher air 

velocities than the 35° for each pressure level. In this regard, I observed a region where air jets 

converge for higher pressures, as shown in Figure 75 - Figure 78. This phenomenon results in 

air velocity and temperature fluctuation near the location where the two air jets converge. 

When air velocity reached over 450 m/s for high inlet pressures (e.g., 2 bar), the air jets near the 

apparatus converged and velocity and temperature fluctuation appeared. 

 

Figure 76. Counter plots of air temperature profiles for the air knife angle with half-cone opening 

angles of 60 °and 35° at the air pressure of 2 bar 
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Figure 77. Counter plots of air velocity profiles for the air knife angle with half-cone opening angles of 

60 °and 35° at the air pressure of 2 bar 

This fluctuation is associated with high turbulence kinetic energy [56, 205]. Increasing inlet 

air pressure resulted in high turbulence intensity; air velocity and temperature fluctuated over 

the distance (Figure A. 34, see Appendix). For the 60° angle, I observed two maxima (i.e., 

negative and positive) in the region where air jets converged for the air velocity field (Figure 

76-Figure 78). This might increase the attenuation rate in the fiber-making process. On the 

other hand, results implied that the 60° air knife possesses faster air cooling due to high-

velocity airflow than the 35° angle.  

 

Figure 78. Variation of the air velocity upon exiting the die for the air knife tool with half-cone 

opening angles of 35° and 60° at various pressure levels 
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4.4.3. Fiber mat morphology 

I generated PLLA fine fibers via the novel apparatus and investigated the influence of 

nozzle diameter and air pressure on fiber morphology. Figure 79 shows the variation of the 

fiber diameter with respect to nozzle diameter and air pressure, while the fiber diameter 

distribution histograms are given in  Figure A. 35 and Figure A. 36 (see Appendix).  

 

Figure 79. Variation of fiber diameter versus air pressure and nozzle diameter; (a) fibers produced 

with air knife module with cone opening angle of 60° and (b) 35° 

I found that a smaller nozzle diameter resulted in thinner fibers with fewer defects, as also 

shown in Figure 80.  Decreasing the nozzle diameter from 0.5 mm to 0.2 mm decreased the 

fiber diameter up to 2.6-fold and 2.25-fold for 60° and 35° air knives, respectively.  This is 

because the same drag force supplied by a pressurized hot air jet was applied to a higher 

polymer mass. Besides, higher shear rates are favorable for attenuating polymeric jets down 

to fine fibers. The smaller capillary diameter generates high shear rates. In the case of 

thermoplastic polymers, high shear rates are desirable for polymer melt to be drawn into fine 

fibers (e.g., reducing the melt viscosity). The fiber attenuated at higher rates with the 60° air 

knife than the 35°. This is because air velocity, so the drawing force, was higher in the 60° air 

knife case.  

 

Figure 80. Effect of nozzle diameter on fiber mat morphology produced at 1.5 bar air pressure: (a) 0.5 

mm, (b) 0.4 mm and (c) 0.2 mm 

Results showed that a smaller nozzle diameter and high air pressure are favorable for 

generating continuous, evenly distributed, defect-free, thin fibers with the novel apparatus 

(Figure 81). The average fiber diameter was lower for those produced using a cone opening 

angle, α, of 60° compared to the 35°. This is because air velocity was higher when α was larger. 
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Higher hot pressurized air velocity attenuates the fiber at a larger rate. The air exerts a higher 

forwarding drag force and stress that draws the polymeric jet into a fine fiber. The average 

fiber diameter produced with the 60° air knife was 7-12% thinner than that produced by the 

35° one. I found that increasing air pressure from 1 to 2 bar decreased the average fiber 

diameter by 50-110% for the 60° air knife. On the other hand, the average fiber diameter 

decreased by 51-75%, increasing air pressure from 1 to 2 bar for the 35° air knife. 

 

Figure 81. Effect of air pressure on fiber mat morphology produced with a nozzle diameter of 0.2 mm; 

(a) 1 bar, (b) 1.5 bar and (c) 2 bar 

These results are in-line with the CFD simulation findings. The air velocity and temperature 

fields for the different cone opening angles and inlet air pressures resulted in different fiber 

and fiber mat properties. These findings prove that the novel apparatus provides 

straightforward manipulation of the fiber characteristics.   

4.4.4. Evaluating fiber mat’s thermal and mechanical properties 

The fiber mats produced via the novel apparatus with a nozzle diameter of 0.2 mm showed 

thin fibers with fine morphology. Therefore, I chose the nozzle diameter of 0.2 mm to 

investigate the fiber mat’s thermal and mechanical properties. Results showed that increasing 

pressure increased the fiber mat’s specific strength. This is because of increasing fiber packing 

density and thinner fibers generated with increasing air pressure, as shown in Figure 82 and 

Table A. 32 (see Appendix). A mechanically consolidated fiber mat structure accompanies the 

improved specific strength. On the other hand, increasing air pressure resulted in more fiber 

entanglements and lowered the fiber mat’s strain at break and maximum stress.  

 

Figure 82. Tensile properties of the fiber mats produced by cone opening angles of 60° and 35° (a) 

specific strength versus applied air pressure and (b) stain at σmax versus applied air pressure 
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The specific strength of fiber mats produced with a cone opening angle of 60° was lower 

than 35°. This difference is related to the cooling of the fiber.  Fine fibers' microstructure 

development and crystallinity are mainly related to jet cooling and attenuation rate. Therefore, 

I conducted DSC tests for fiber mats and filaments to analyze their thermal properties. DSC 

thermograms are shown in Figure 83, while the data obtained are given in Table 13 and Table 

A. 33 (see Appendix).  

 

Figure 83. Fiber mat’s DSC thermograms; (a) 1st heating and (b) cooling cycles 

Results showed that the fibers generated by the 60° air knife showed a higher degree of 

crystallinity for the same air pressure applied than the 35° one. This is related to higher 

attenuation rates (i.e., air velocity) applied for the 60° air knife. Findings implied that the fibers 

generated at high air pressure showed a higher degree of crystallinity. In general, a higher 

degree of crystallinity translates to better mechanical properties. This is not the case in the case 

of fiber mats produced via the novel method. The DSC data represents microstructural 

development (e.g., molecular orientation, crystallinity) in fiber making. On the other hand, the 

conducted tensile tests represent the macroscale properties of the fiber mat. Overall, DSC 

findings implied that the fibers had a different microstructure development compared to the 

filament. This also indicates that the FG mode is suitable for making fine polymeric with 

enhanced thermal stability. 

The simulation study showed that the 60° cone opening angle possesses a higher air velocity 

(i.e., high attenuation rate) than the 35° one and faster cools down the air faster. A high 

attenuation rate improves the crystallinity, but high air velocity causes a faster cooling of both 

air and the forming fiber. This, in turn, gives poor fiber-to-fiber contact. The newly formed 

fiber’s ability to penetrate those fibers collected at the printing bed affects the fiber mat's load-

bearing capability. Higher attenuation rates (e.g., higher air pressures) could compensate for 

the loss in mechanical properties with improved crystallinity and thinner fibers with an 

increased number of fiber entanglements.  
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Table 13. DSC data for the glass transition temperature, degree of crystallinity and the related 

crystallization data of the fiber mats and filament  

  1st heating Cooling 

α 

Applied 

air 

pressure 

Glass 

transition 

temperature 

Degree of 

crystallinity 

Crystallization 

temperature 

Crystallization 

enthalpy 

[°] [bar] [°C] [%] [°C] [J/g] 

60 

2 58.0 33.7 109.7 48.4 

1.5 58.8 31.0 109.4 51.2 

1 58.4 27.7 110.4 49.2 

35 

2 58.3 29.8 107.3 48.9 

1.5 58.6 29.1 104.8 45.9 

1 58.3 31.1 109.5 49.4 

filament 54.6 28.0 102.7 35.0 
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5. SUMMARY 

5.1. Summary of the results 

In this thesis, I investigated the MB fiber formation mechanism and detailed the effect of 

processing parameters. Then I developed hot-compacted SPCs made of MB fiber mats and 

analyzed the process-structure relationships. Based on these findings, I developed a method 

for making high-performance SPCs with MB fiber mat interleaving. After that, I investigated 

the effect of MWCNT doping on MB fiber mats' thermal and mechanical properties. I then 

produced SPCs interleaved with these nanocomposite fibers. I also worked on the 

development of MB fiber mats made of biopolymers. I investigated their decomposition 

behavior in compost and water. Finally, I invented a novel apparatus to generate hierarchical 

structures via FFF technology. The results from the experimental studies have been 

summarized as follows:  

(1) I explored the structure & morphology, thermal and mechanical properties and 

feasibility of producing self-bonded PP fiber mats by melt blowing. Results showed that the 

temperature difference between the forming fibers and pressurized air plays a crucial role in 

the fiber mat properties. A large fiber attenuation occurred at around 74% by increasing air 

temperature from 125 °C to 300 °C. Increasing air pressure from 1 bar to 2.5 bar and DCD from 

50 mm to 500 mm reduced the average fiber diameter nearly 3-fold and 2-fold, respectively. 

Results revealed that the applied low DCDs, low air velocities, and low air temperature yield 

a slower cooling rate, resulting in higher fiber crystallinities. I found that the fiber mat tensile 

behavior primarily depends on the physical properties (e.g., pore size, solidity). Increasing air 

temperature from 125 °C to 300 °C enhanced the fiber mat’s tensile strength by around 48%, 

while increasing DCD from 50 mm to 500 mm decreased the tensile strength 3-fold. The tensile 

behavior of the PP fiber mats was transformed from ductile to brittle with increasing air 

temperature and air pressure, which indicates more fiber entanglements and a change in the 

crystalline structure. The WAXD analysis revealed crystalline, amorphous and mesomorphic 

phases formed in the MB PP fiber’s structure. I observed that applying high air stretching is 

necessary to enhance molecular orientation and form smaller crystallite sizes. Producing 

thinner fibers at the expense of the MB fiber mat's mechanical characteristics can decrease the 

pore size and increase solidities. Results showed that high solidity, low porosity and small 

pore size resulted in higher tensile strength, and the fiber diameter was directly related to these 

properties. I observed a close relation with fiber diameter, pore size, solidity and tensile 

strength, for which I introduced a factor of MCC. Findings proved that MCC could be used 

comprehensively to analyze fiber mat properties considering the influence of processing 

parameters.  

(2) I produced single-PP composites that I made from MB fiber mats via hot compaction at 

different temperatures. The tensile tests of the fiber mats and composites revealed that 

increasing the temperature of the hot-pressing results in embrittlement (transition from ductile 



Yahya Kara   Ph.D. Thesis 

109 

to brittle), which means higher maximum specific tensile forces and smaller deformations. The 

specific force maximum of the SPCs hot compacted at 135 °C and 145 °C was two times greater 

than the specific force maximum of the fiber mat. SEM results revealed that compression 

molded samples were able to maintain a decent amount of fibers. The DSC tests revealed no 

difficulty in recycling by re-melting the composites. Besides, the hot compaction increased the 

composite’s degree of crystallinity. This might be explained by the local nucleating effect of 

the evenly distributed fine MB fibers. The best thermal and mechanical characteristics were 

obtained for the single-PP composites hot-compacted at 135 °C. 

(3) I demonstrated a new strategy for enhancing the mechanical behavior of single-PP 

composites by interleaving those with PP fiber mats. I found that the degree of crystallinity of 

the non-interleaved composites generated at 150 °C was the lowest. Interleaving with MB fiber 

mat improved the degree of crystallinity by 15% at 155 °C and by 8% at 160 °C compression 

molding temperature, which is attributed to the local nucleating effect of the evenly-

distributed ultra-thin melt-blown fibers. The compression molding temperature dramatically 

affected the consolidation, therefore, the mechanical performance. I obtained that the tensile 

modulus of the interleaved specimens increased by 12% when the compression molding 

temperature was increased from 150 °C to 160 °C. Interleaving increased the tensile modulus 

by 46% and the ILSS by 17% compared to the non-interleaved sample. Due to interleaving, the 

perforation energy increased up to 26%. This implied the melt-blown fiber mat interleaving 

could be enhanced laminae performance without compromising impact energy dissipation.  

The interleaved laminate had a higher storage modulus (i.e., elastic energy) and lower tan δ 

(i.e., adsorbed energy). Findings revealed that interleaving with MB fibers improves the 

interfacial strength that provides the composites with improved performance in general. In 

this regard, SPCs can be further improved with a 3rd component: a fine fiber mesh of the same 

PP material. This interleaving concept fits well with the self-reinforcing composite's main 

advantage: using a single polymer with simple and easy recycling capabilities.  

(4) I demonstrated manufacturing the MWCNT doped PP fiber veils and applied them as 

interleaves in single-PP composites to enhance their thermal and mechanical properties. I 

found that MWCNT doping improved the PP fibers' thermal stability and shifted the peak 

crystallization temperature to a higher temperature, indicating that MWCNT acted as a 

nucleating agent for the PP fibers. Increasing MWCNT content significantly increased the 

resin's viscosity. MWCNT doping increased the fiber diameter and pore size by 2.1-fold and 

2.5-fold, respectively, while the areal density decreased by 4.2-fold. Results showed that the 

MWCNT doping almost doubled the MB fiber mat's specific strength. However, the fiber mat's 

mechanical properties deteriorated over the MWCNT content of 0.25 wt%.  

I then produced single-PP composites interleaved with PP/MWCNT (0.1wt% MWCNT) MB 

fibers and compared them with non-interleaved and pristine MB fiber mat interleaved ones. 

The PP/MWCNT and the pristine MB fiber mat interleaved composite's tensile modulus 

enhanced by 31% and 37% compared to the non-interleaved one. Pristine fiber mat interleaved 
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SPC showed slightly lower tensile strength than non-interleaved one. Notwithstanding, 

PP/MWCNT fiber mat interleaved composites retrieved this loss. DIC strain field analysis 

implied that PP/MWCNT fiber mat interleaving resulted in robust interfacial adhesion and 

higher damage tolerance under tensile load. DMA analysis showed that PP/MWCNT and 

pristine fiber mat interleaved SPC's storage modulus at peak tanδ enhanced by 1.6-fold and 

2.2-fold than the non-interleaved one. PP/MWCNT fiber mat interleaved SPCs had the lowest 

tanδ, demonstrating improvement in the overall mechanical properties of the laminates. 

Incorporating a low amount of MWCNTs into fiber mats and integrating them into composite 

structure does not add up a considerable amount to the processing and the material cost. 

Moreover, MB PP/MWCNT fiber mat interleaving significantly improves the interfacial 

adhesion and the laminae stiffness with fair recycling opportunities.  

(5) I produced PLA SC blends through melt mixing of commercially available PLLA and 

PDLA type PLA enantiomers. Subsequently, I generated PLA fine fiber mat via melt blowing. 

Findings showed that melt blowing led to the development of stereocomplex crystalline 

structure by shear-induced crystallization, which resulted in thinner fibers than 

homocrystalline PLA fibers. The stereocomplex 1D1L fiber mat had an average fiber diameter 

of 1.8 ± 0.3 μm, nearly 80% lower than PLLA and PDLA fibers, and it also had higher thermal 

stability. The SC (1D1L) fiber mat had nearly 60% and 30% higher specific strength than PLLA, 

PDLA, and the asymmetric blends (e.g., 3D1L). I then parallelly tested all PLA fiber mats' 

decomposition behavior in compost and water. The PLA fiber mats with high porosity and 

surface area entirely disintegrated in 40 days in the compost and 70 days in the water. The 

DSC tests revealed that the crystal melting and crystallization peaks all shifted to lower 

temperatures, which is in line with the findings of the TGA measurements. I found that a high 

surface-to-volume ratio of fiber mats might boost a faster degradability in compost regardless 

of the molecular structure. SEM investigations showed that pure PLLA and PDLA fibers 

exhibited more severe and extensive surface-to-bulk erosion. On the other hand, the 3D1L, 

1D1L and 1D3L blend fibers had mainly surface erosion, resulting in decreased amorphous 

content. The higher hydrolysis resistance and slower hydrolytic decomposition rate for these 

blends are related to inherently higher crystallinity, higher thermal and mechanical stability, 

and strong stereocomplex interactions. I found that the degree of crystallinity and the 

crystalline structure dramatically influences the decomposition kinetics. The SC 1D1L fibers 

had the highest resistance against hydrolysis. On the other hand, PLA fiber with SC crystalline 

content exhibited high resistance to hydrolysis, for which I observed the degree of crystallinity 

changed slightly. Results showed that the SC PLA does not interfere with its aerobic and 

hydrolytic decomposition in the form of a fine fiber mat.  

(6) I invented a novel FFF apparatus and method to develop the next generation of FFF 

printed hierarchical composite structures. The developed apparatus can 3D print parts and 

generate continuous fine fibers via the FFF technology. Furthermore, the apparatus does not 

require either expensive equipment or a complex process for operating. The apparatus can 
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continuously generate fine fibers by extruding filament and then stretching it with hot 

pressurized airflow. The novel apparatus air knife half-cone opening angle affected the fiber 

formation mechanism and fiber mat properties. The fibers generated by the 60° air knife were 

thinner than the 35° one. This is attributed to the change in air velocity and temperature due 

to the tool geometry. Higher air velocity resulted in higher attenuation rates. The CFD 

simulation showed that air velocity for the 60° tool could reach as high as 1.62 Mach (~600 

m/s), while the 35° tool had a max of 1.4 Mach (~550 m/s) when applied air pressure was 2 bar. 

The average fiber diameter was as small as 0.98 ± 0.14 μm recorded for the 60° tool. Increasing 

air pressure from 1 to 2 bar enhanced the fiber mat’s specific tensile strength by up to 133%. 

The fiber mat's strain at break decreased with increasing air pressure. The fiber mats generated 

via the 35° air knife showed higher specific strength than the 60° one. This is attributed to the 

air's fast cooling, so the fibers near the die result in poorly bonded fibers collected at the 

printing bed. Results revealed that the novel apparatus provides fair control of fiber properties 

without compromising the FFF printing feature. The developed apparatus and approach 

employ a straightforward, cost-efficient, value-added operation for the next generation of 3D 

printing hierarchical structures. 

5.2. Theses 

1. I proved that in the case of melt-blown polypropylene fiber mats, there is a relationship 

between the self-bonding quality & tensile strength and structural parameters. I introduced 

the mat consolidation coefficient (MCC) that describes this: 

 𝑀𝐶𝐶 =
𝑆 × d𝑓,𝑚

𝐷𝑃𝑚
 [−]    

where S is the solidity, 𝑑𝑓,𝑚 is the average fiber diameter and 𝐷𝑃𝑚 is the average pore size. The 

higher the MCC the higher the tensile strength and the stronger the bonds between the fibers. 

The MCC (0 < 𝑀𝐶𝐶 ≤ 1) effectively describes the fiber mat characteristics in the parameter 

range of 50 𝑚𝑚 ≤ 𝑑𝑖𝑒 𝑡𝑜 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ≤ 500 𝑚𝑚 , 125 °𝐶 ≤ 𝑎𝑖𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ≤ 300 °𝐶 

and 1 𝑏𝑎𝑟 ≤ 𝑎𝑖𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ≤ 2.5 𝑏𝑎𝑟. MCC can be effectively used to characterize the mat's 

characteristics if 0.01 < d𝑓,𝑚 𝐷𝑃𝑚⁄ < 2 and 0.05 < 𝑆 < 0.5. I showed that the MCC and the 

tensile strength had a good linear relation (R2=0.95), where MCC was in the range of 0.07-0.27. 

[P9-P10] 

2. I proved that hot-compacted single-polymer composites made of melt-blown fine fiber mats 

had higher specific strength by up to 109%. I proved via differential scanning calorimetry that 

the degree of crystallinity of these composites was higher by up to 16% (from 54 to 63 

percentage points) than that of the pristine fiber mat, revealing that fine fibers created 

nucleation sites in the matrix. Scanning electron microscopy revealed that the composite had 

a fair consolidation and low void content, and besides, the fibers kept their structural integrity 

during the composite processing. [P8, P11] 

3. I proved the applicability of fine fiber interleaving in single-polypropylene composites, 

where the interleaves are made of the same polymer. This interleaving improved the 
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interlaminar shear strength by 17%, the tensile modulus by 46%, and the falling dart 

perforation energy by up to 26%. I showed that the storage modulus significantly increased 

while the tanδ decreased. With the aid of scanning electron microscopy, I proved that the melt-

blown fiber interleaves created a net-like structure leading to enhanced interfacial strength 

that caused the improvement at a macroscopic level. I demonstrated via differential scanning 

calorimetry that the interleaves acted as a nucleating agent at the matrix interface, translating 

to an enhanced degree of crystallinity (by up to 6 percentage points higher). [P11-P12] 

4. I embedded multiwalled carbon nanotubes into polypropylene melt-blown fibers and those 

enhanced the fiber mats' mechanical and thermal properties. The specific strength, peak 

crystallization temperature and onset thermal decomposition temperature were increased by 

78%, 7 °C and up to 77 °C, respectively. The improvement was due to the presence of carbon 

nanotubes and the nucleation sites created along them, which is confirmed by differential 

scanning calorimetry. I revealed that interleaving single-polypropylene composites with 

polypropylene mats enhanced their thermal and mechanical properties. The presence of 

carbon nanotubes embedded into the fibers further improved these properties. The tensile 

modulus increased by up to 37% and the storage modulus by 33%, while the tanδ decreased 

by around 10%. With the aid of digital image correlation, I showed that the interleaved 

laminate had the lowest local strains at the tensile test. I proved that this enhanced damage 

tolerance and stiffness originates from the advanced properties of the fiber mat. [P13] 

5.a I demonstrated the applicability of melt blowing to produce poly(lactic acid) fine fibers 

from various PLLA and PDLA enantiomer blends with stereocomplex and homocrystalline 

structures. Generating melt-blown fibers with stereocomplex crystals (1:1, PLLA:PDLA) 

decreased the average fiber diameter by 80% and resulted in up to 60% higher specific strength 

than those of the pristine PLLA and PDLA fiber mats. With the aid of differential scanning 

calorimetry, I proved that melt blowing enhances the stereocomplex crystal formation by 

shear-induced crystallization, which led to these improvements.  

5.b I revealed that poly(lactic acid) melt-blown fine fiber mat samples subjected to composting 

soil and warm water showed a fast decomposition. I concluded that the fast decomposition 

was due to the high porosity and high surface area of the fiber mats. I proved that the samples 

decomposed and extensively disintegrated in 70 days in water and in less than 40 days in 

compost. With the aid of scanning electron microscopy, I revealed that hydrolysis resulted in 

surface and bulk erosion in general, while the stereocomplex-crystalline-rich domains 

primarily exhibited surface erosion. I proved that stereocomplexation did not hinder the 

decomposition of melt-blown fiber mats in compost and in water. [P14] 

6. I invented a novel 3D printing apparatus to generate hierarchical structures consisting of in-

situ melt-blown fiber mats and fused filament fabrication printed struts. I showed that the 

novel apparatus could generate poly(lactic acid) fibers as small as 300 nm using a conventional 

3D printing filament as feedstock material. I demonstrated that the novel apparatus could 

successfully generate objects by adding material based on a geometrical representation given 
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by a CAD model. I analyzed the airflow field and proved that the air knife angle (35° vs. 60°) 

greatly influences the fiber mat properties. With the aid of computational fluid dynamics 

simulation, I demonstrated that the air reaches supersonic velocities during operation. The 60° 

air knife angle resulted in 7-12% thinner fibers and a two-fold increase in the specific strength 

at the same applied air pressure. With the aid of differential scanning calorimetry, I proved 

that the fibers' glass transition temperature and crystallinity are 4 °C and 6 percentage points 

higher, respectively, than those of the filament. That is an advantage in keeping the structural 

integrity of the fibers when the 3D printer adds the next layer of dispensed molten material 

during the process. [P15] 

5.3. Future suggestions 

The MB fiber mats used in various applications, such as masks, respirators and filtration, 

protective clothing, superhydrophobic membranes, agriculture, composite structures, 

superabsorbent, etc., possess different requirements. Precise control of solidity, porosity, pore 

size, fiber orientation, fiber entanglement, and forming thinner fibers (e.g., < 500 nm) and 

utilizing specialty polymer structures (e.g., biopolymers, elastomers) are still a challenge in 

industrial-scale nonwoven production. In addition, there is still great demand for further 

optimization, end-product designing, characterization, and process modeling despite 

advances in the development of MB fiber mats for various implementations. Future research 

should focus on precise control of the MB fiber mat properties, extending MCC to various 

polymeric materials, developing new compounds to improve the fiber mat’s mechanical 

performance, and advancing MB fiber structure by paying special attention to the fiber 

formation mechanism.  

Nano additives are ideal candidates to enhance the MB fiber mat’s thermal and mechanical 

performance. In addition, incorporating nano additive doped MB fiber veils may be used to 

improve the electrical conductivity of the completely insulating thermoplastic composites, 

e.g., PP, PE, etc., for related applications. The MB fibers are promising due to their cost-

efficiency, high throughput production, fair recycling, straightforward processing, enhanced 

stiffness and interfacial strength for reinforcing and interleaving composite structures. The MB 

fine fiber mat interleaving approach can promote single polymer composites' utilization in 

various engineering applications requiring high toughness and impact resistance. A new 

research approach must be introduced, and more study is necessary to further understand 

these fine fibers' behavior.  

The novel apparatus and method are expected to generate a considerable share market in 

the 3D printing business segment. The ability to generate fiber and 3D printing with a single 

apparatus makes the novel method possible to fit in numerous markets in automotive, 

aerospace, defense, medical, pharmaceutical, textile, etc. The developed apparatus and 

method will open the door to producing hierarchical structures made of the same polymer, 

which can be recycled through simple melt processing. The novel apparatus can significantly 
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contribute to recent efforts on 3D printed, environmentally friendly, cost-efficient technologies 

and developments. 
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8. APPENDIX 

 

Figure A. 1. Examples of the melt blowing defects; (a) fiber breakage, (b) shot and (c) fuse [206] 

 

Figure A. 2. Die used in the melt blowing experiments 



Yahya Kara   Ph.D. Thesis 

130 

 

Figure A. 3. Optical images of measurement systems (a) air temperature measurement with a K type 

thermocouple, (b) air flow rate measurement and (c) air flow measurement system 
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Figure A. 4. SEM images and diameter distributions of MB fiber mats produced under different air 

pressures (a)-(a’) 1 bar, (b)-(b’) 2 bar and (c)-(c’) 2.5 bar 

 

Figure A. 5. SEM images and diameter distributions of MB fiber mats obtained at different collector 

speeds (a)-(a’) 0 m/min, (b)-(b’) 35.1 m/min and (c)-(c’) 80.4 m/min 
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Figure A. 6. Variation of Herman’s orientation factor respect to (a) air pressure and (b) collector speed, 

and representative grey intensity spectrum of the (c) air pressure of 2.5 bar and (d) collector speed of 

105.5 m/min 

 

Figure A. 7. Tensile testing of DCD test specimens; DCD 50 mm sample (a) before and (b) after the 

tensile test, DCD 500 mm sample (c) before and (d) after the tensile test and (e) a photo of the PP MB 

fiber mat during the tensile test 
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Figure A. 8. Variation of the tensile strength and average pore size for PP melt-blown fiber mats 

versus various (a) DCD, (b) air temperature and (c) air pressure 

 

Figure A. 9. DSC measurement of air pressure test and hot-pressed sheet samples at heat ramp of 10 

°C/min; (a) 1st heating thermogram and (b) 2nd heating thermogram 

Figure A. 10. Deconvoluted DSC thermograms of the air pressure test and hot-pressed sheet samples 

at heat ramp of 10 °C/min; (a) 1st heating and (b) 2nd heating 
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Figure A. 11. DSC measurement of air temperature test and hot-pressed sheet samples at heat ramp of 

10 °C/min; (a) 1st heating thermogram and (b) 2nd heating thermogram 

 

Figure A. 12. Deconvoluted DSC thermograms of the air temperature test and hot-pressed sheet 

samples at heat ramp of 10 °C/min; (a) 1st heating and (b) 2nd heating 
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Figure A. 13. DSC measurement of air temperature test and hot-pressed sheet samples at heat ramp of 

20 °C/min; (a) 1st heating thermogram, (b) deconvoluted and fitted 1st heating thermogram, (c) 2nd 

heating thermogram and (d) deconvoluted and fitted 2nd heating thermogram 
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Figure A. 14. SEM pictures of the tested samples (a: pristine fiber mat, b: cold pressed, c: 125 °C, d: 135 

°C, e: 145 °C) 

 

 

Figure A. 15. Demonstration of the compression mold used to produce SPCs; (a) illustration of the 

woven fabric, blend film and fiber mat, and (b) matching halves of the compression mold 
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Figure A. 16. DSC thermograms of the granules; (a) 1st heating thermograms of the granules used to 

produce film and MB fiber mat, (b) 2nd heating thermograms of the granules used to produce film 

and MB 

 

Figure A. 17. Stress strain curves of the composite samples short beam shear test; (a)150 F/MB/W, (b) 

155 F/MB/W, (c) 150 MB/W, (d)160 F/MB/W, (e) 160 F/W, and (e) an image of the samples at the test 
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Figure A. 18 IFWI force-displacement curves of the composites (a) 155 F/W, (b) 160 F/W, (c) 155 

F/MB/W and (d) 160 F/MB/W 

 

Figure A. 19 SEM image of a shot defect from nanocomposite fiber mat with MWCNT content of 

0.5 wt% 
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Figure A. 20 Melt-blown fiber diameter distributions (a) pristine, (b) 0.1 CNT, (c) 0.5 CNT 

 

Figure A. 21 Melt-blown fiber pore size distributions (a) pristine, (b) 0.1 CNT, (c) 0.5 CNT 

 

Figure A. 22 Variation of fiber surface density (areal density) versus CNT content 
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 Figure A. 23 2nd heating DSC thermograms of pristine and MWCNT-doped PP fiber mats 

 

Figure A. 24 MB fiber mats fiber diameter distributions (a) L, (b) D, (c) 3D1L, (d) 1D3L and (e) 1D1L 

 

Figure A. 25 SEM image of the 3L1D fiber mat defects  
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Figure A. 26 DSC thermograms of (a) blends and (b) melt-blown fiber mats 

 

Figure A. 27 Demonstration of the FG mode (Video A 1) 

https://drive.google.com/file/d/1FCP8hyiJODxNoYtvo6wGqGLpkGCY4FZw/view?usp=sharing
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Figure A. 28 Demonstration of the FE mode and FFF printing (Video 2) 

 

Figure A. 29 Schematic of the (a) FE mode onto the printed subject and (b) representative volume 

elements of the printed structure with/without fine fiber inclusion 

https://drive.google.com/file/d/1FCidB-fK7BUpOwH-Zxskyif_Ycm_dxMN/view?usp=sharing
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Figure A. 30 CAD renders of the commercial FFF printer with the developed Apparatus; (a) front, 

(b) left, (c) top and (d) isometric views 

 

Figure A. 31 Thermal camera measurement for the novel apparatus in the FG mode 
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Figure A. 32. 3D printing tests (a) geometrical representation given by a CAD model on the slicing 

software and (b) printed structure via novel apparatus 
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Figure A. 33 Evaluation of the CFD and measurement data; (a) the inlet air pressure and mass flow 

rate characteristics, (b) the relative error between experimental and CFD simulations data and (c) 

mesh independence analysis  

 

 

Figure A. 34 Variation of the turbulence kinetic energy along with the apparatus to printing bed 

distance for the cone opening angles of 35° and 60° at 1 and 2 bar applied air pressure 
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Figure A. 35 Apparatus air knife module with cone opening angle of 60° produced fiber diameter 

distribution histograms; nozzle diameter of 0.5 mm diameter at an air pressure of (a) 1 bar, (b) 1.5 bar, 

(c) 2 bar, nozzle diameter of 0.4 mm diameter at an air pressure of (d) 1 bar, (e) 1.5 bar, (f) 2 bar and 

nozzle diameter of 0.2 diameter at an air pressure of (g) 1 bar, (h) 1.5 bar, (i) 2 bar 

 

Figure A. 36 Apparatus air knife module with cone opening angle of 60° produced fiber diameter 

distribution histograms; nozzle diameter of 0.5 mm diameter at an air pressure of (a) 1 bar, (b) 1.5 bar, 
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(c) 2 bar, nozzle diameter of 0.4 mm diameter at an air pressure of (d) 1 bar, (e) 1.5 bar, (f) 2 bar, nozzle 

diameter of 0.2 diameter at an air pressure of (g) 1 bar, (h) 1.5 bar, (i) 2 bar 

Table A. 1 DCD test porosity, pore size and density analysis 

Sample 

Code 

DCD 

Average 

fiber 

diameter 

[μm] 

Porosity mean 

[%] 

Average 

pore size 

[μm] 

Solidity (fiber 

packing density) 

[%] 

Density mean 

[g/cm3] 

1 3.67 ± 0.64 88.19 ± 2.66 1.81 ± 0.28 13.18 0.11 ± 0.023 

3 2.37 ± 0.57 88.76 ± 0.62 1.38 ± 0.16 11.23 0.10 ± 0.005 

4 2.37 ± 0.57 89.80 ± 1.17 1.56 ± 0.22 10.07 0.09 ± 0.010 

5 1.85 ± 0.37 88.70 ± 0.83 1.68 ± 0.21 11.23 0.10 ± 0.007 

7 1.66 ± 0.29 91.06 ± 0.52 2.11 ± 0.32 8.92 0.08 ± 0.004 

Table A. 2. Air pressure test porosity, pore size and density analysis 

Sample 

Code 

P-A 

Average 

fiber 

diameter 

[μm] 

Porosity Mean 

[%] 

Average 

Pore Size 

[μm] 

Solidity (Fiber 

Packing 

Density) [%] 

Density Mean 

[g/cm3] 

 

1 3.96 ± 0.89 89.85 ± 0.74 1.84 ± 0.33 10.11 0.09 ± 0.006 

2 3.24 ± 0.88 89.21 ± 0.38 1.87 ± 0.27 10.77 0.10 ± 0.003 

3 2.74 ± 0.65 88.76 ± 0.62 1.38 ± 0.16 11.23 0.10 ± 0.005 

4 1.78 ± 0.33 88.26 ± 0.84 1.58 ± 0.18 11.66 0.10 ± 0.007 

5 1.27 ± 0.24 87.37 ± 0.39 1.42 ± 0.19 12.62 0.11 ± 0.003 

Table A. 3. Air temperature test porosity, pore size and density analysis 

Sample 

Code 

T-A 

Average fiber 

diameter 

[μm] 

Porosity Mean 

[%] 

Average Pore 

Size 

[μm] 

Solidity (Fiber 

Packing 

Density 

[%] 

 

Density 

Mean 

[g/cm3] 

 

1 4.58 ± 0.86 91.61 ± 0.46 3.10 ± 0.83 8.39 0.07 ± 0.004 

2 3.87 ± 1.07 89.92 ± 1.18 2.26 ± 0.32 10.18 0.09 ± 0.009 

3 3.56 ± 0.75 91.75 ± 1.12 2.36 ± 0.50 7.94 0.07 ± 0.009 

5 2.73 ± 0.65 88.76 ± 0.65 1.38 ± 0.16 11.23 0.10 ± 0.005 

6 2.61 ± 0.61 90.60 ± 0.70 1.42 ± 0.22 9.25 0.08 ±0.005 
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Table A. 4. Tensile strength and strain at break of the melt-blown fibers tested (P-A: Air pressure test, 

DCD: Die to collector distance test, T-A: Air temperature test) 

Sample code Tensile strength SD Strain at break SD 

 

DCD 
[MPa] [%] 

1 7.51 0.34 44.21 5.12 

3 5.88 0.14 116.38 10.76 

4 4.09 0.02 110.59 4.09 

5 4.21 0.12 234.36 20.34 

7 2.65 0.28 407.35 5.47 

P-A     

1 4.32 0.07 166.46 13.33 

2 4.01 0.10 119.87 4.72 

3 5.88 0.14 116.38 10.76 

4 4.87 0.19 104.16 13.45 

5 4.89 0.07 91.03 9.83 

T-A     

1 4.01 0.12 301.94 24.91 

2 4.40 0.15 193.70 22.04 

3 5.14 0.35 251.65 61.39 

5 5.88 0.14 116.38 10.76 

6 5.93 0.19 199.92 16.82 

Table A. 5 DSC data from the DCD test 

 1st heating 2nd heating 

DCD Tm ∆H 𝝌 Tm1 ∆H1 Tm2 ∆H2 𝝌𝟏 𝝌𝟐 𝝌𝟏+𝟐 

[mm] [°C] [J/g] [%] [°C] [J/g] [°C] [J/g] [%] [%] [%] 

50 158.2 107.8 52.1 156.2 106.9 162.8 6.8 51.6 3.3 54.9 

100 158.3 92.7 44.8 154.7 101.3 162.5 8.1 49.0 3.9 52.9 

150 158.5 96.9 46.8 155.8 101.6 162.6 8.6 49.1 4.1 53.2 

200 157.9 89.8 43.4 155.5 104.5 162.2 8.9 50.5 4.3 54.8 

300 158.6 89.6 43.3 155.7 103.3 162.6 9.2 49.9 4.5 54.4 

400 161.6 98.2 47.4 155.1 101.8 162.6 6.6 49.2 3.2 52.3 

500 158.7 99.9 48.2 155.9 101.4 162.7 8.6 49.0 4.2 53.1 
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Table A. 6. DSC data from the air temperature test 

 1st heating 2nd heating 

Air 

Temperature 
Tm ∆H 𝝌 Tm1 ∆H1 Tm2 ∆H2 𝝌𝟏 𝝌𝟐 𝝌𝟏+𝟐 

[°C] [°C] [J/g] [%] [°C] [J/g] [°C] [J/g] [%] [%] [%] 

125 158.2 106.5 51.4 156.7 106.7 162.9 5.6 51.5 2.7 54.2 

200 158.0 96.1 46.4 155.4 100.0 162.7 7.3 48.3 3.5 51.8 

225 158.7 102.6 49.6 156.6 109.2 162.9 5.2 52.8 2.5 55.3 

250 158.1 97.5 47.1 155.6 102.7 162.9 7.0 49.6 3.4 53.0 

275 158.5 96.9 46.8 155.8 101.6 162.6 8.6 49.1 4.1 53.2 

300 158.0 91.5 44.2 154.9 96.8 162.2 11.6 46.8 5.6 52.4 

Table A. 7. DSC data from the air pressure test 

 1st  heating 2nd  heating 

Air 

Press

ure 

Tm ∆H 𝜒 Tm1 ∆H1 Tm2 ∆H2 𝜒1 𝜒2 𝜒1+2 

[bar] [°C] [J/g] [%] 
[°C

] 
[J/g] [°C] [J/g] [%] [%] [%] 

1 158.3 98.7 47.7 156.0 103.0 162.7 8.6 49.8 4.2 53.9 

1.5 158.0 99.4 48.0 155.5 100.7 162.5 9.8 48.6 4.7 53.4 

2 158.5 96.9 46.8 155.8 101.6 162.6 8.6 49.1 4.1 53.2 

2.25 158.2 97.9 47.3 155.6 101.5 162.3 8.5 49.0 4.1 53.1 

2.5 158.3 92.8 44.8 155.5 99.1 162.6 10.2 47.9 4.9 52.8 

Table A. 8. DSC data from the hot-pressed PP sheet test 

Hot pressed 

PP sheet 

Tm1 ∆H1 Tm2 ∆H2 𝜒1 𝜒2 𝜒1+2 

[°C] [J/g] [°C] [J/g] [%] [%] [%] 

1st heating 156.3 102.0 163.0 15.7 49.3 7.6 56.9 

2nd heating 156.2 109.7 162.7 4.1 53.0 2.0 55.0 

 

Subscription 1 and 2 represents low-temperature melting endotherm and high-temperature 

melting endotherm. 
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Table A. 9 WAXD data analysis of the fiber samples from DCD tests and hot-pressed sheet 

 α (hkl) γ (hkl) Smectic L (nm) d (Å) 

Hot pressed sheet 

110 111  16.29 6.34 

040 008  21.57 5.30 

130 022  19.33 4.82 

111   10.76 4.22 

041   9.86 4.10 

 206  11.58 3.69 

 00 12  13.88 3.52 

200   12.01 3.29 

220   8.58 3.13 

50 mm 

110  + 8.00 6.13 

040  + 5.33 5.16 

130  + 7.70 4.71 

041   4.76 4.06 

150   3.22 3.47 

 224  2.80 3.09 

150 mm 

110  + 3.47 6.12 

40 008  2.61 5.31 

130 022 + 2.81 4.80 

  + 2.47 4.13 

220   1.58 3.12 

500 mm 
  + 1.49 5.64 

  + 2.30 4.12 
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Table A. 10 WAXD data analysis of the fiber samples from air pressure and air temperature tests 

 α (hkl) Smectic L [nm] d [Å]  
α 

(hkl) 

γ 

(hkl) 
Smectic 

L 

[nm] 

d 

[Å] 

125 °C 

110 + 19.17 6.18 

1 

bar 

110  + 7.11 5.99 

040 + 17.98 5.21 040  + 13.58 5.12 

130  13.39 4.76 130  + 1.60 4.71 

041 + 3.23 4.13 041  + 2.33 4.09 

225 °C 

110 + 2.70 6.01 220  + 1.36 3.10 

040  2.00 5.18 

2 

bar 

110  + 3.32 5.96 

130 + 1.75 4.73 040  + 5.81 5.14 

041 + 2.73 4.10 130  + 3.31 4.69 

300 °C 

110 + 3.32 6.01 041   3.36 4.06 

040  2.73 5.19  224  1.57 3.07 

130 + 3.90 4.74 

2.5 

bar 

110  + 6.31 6.15 

041 + 2.50 4.10 040  + 2.46 5.28 

     130  + 4.09 4.79 

     041  + 2.78 4.13 

     150  + 3.21 3.51 

     220  + 5.14 3.13 

 

Table A. 11. Calculated results of the tensile tests 

 
Specific force 

maximum [mN/tex] 

Elongation at 

maximum specific 

force [-] 

Specific tensile 

stiffness [mN/tex] 

pristine fiber mat 7.83±0.23 1.007±0.082 19.3±9.15 

cold pressed 11.41±0.72 1.182±0.234 54.6±17.6 

125 °C 12.88±2.37 0.088±0.058 1041±125 

135 °C 16.34±1.78 0.047±0.047 1374±226 

145 °C 16.14±1.70 0.017±0.004 1261±166 
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Table A. 12. Properties of the raw materials  

 

Melting 

temperature 

[°C] 

Melt flow index 

[g/10 at 230 °C, 

2.16 kg] 

Molecular 

weight 

[Da] 

Density 

[kg/m3] 

iPP L-MODU 

S401 
80 2,600 45,000 870 

rPP - RJ470MO 149 70 - 905 

hPP - HL912FB 158 1,200 - 890 

PP woven fabric 168 - - - 

 

Table A. 13. DSC crystallinity, melting enthalpy and peak melting temperature data of the constituent 

phases and raw materials used in the study 

 1st heating  2nd heating  

Sample 

Name 

Peak 

crystalline 

melting 

temperature 

∆H Crystallinity 

Peak 

crystalline 

melting 

temperature 

∆H Crystallinity 

 [°C] [J/g] [%] [°C] [J/g] [%] 

low 

modulus 

iPP 

granule 

53.1, 78.9 25.5 12.3 75.2 18.3 8.8 

rPP 

granule 
149.5 65.1 31.4 150.5 65.4 31.6 

hPP 

granule 
167.0 101.7 49.1 158.1, 164.8 104.1 50.3 

PP blend 

granule 
147.6 52.3 25.3 149.5 57.2 27.6 

MB fiber 

mat 
159.8 103.9 50.2 152.7, 160.9 102.3 49.4 

Woven 

Fabric 

168.1 113.5 54.8 163.2 96.6 46.6 

Blend 

film 

150.2 59.5 28.7 149.7 59.9 28.9 
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Table A. 14. DSC crystallinity, melting enthalpy and peak melting temperature data of the PP SPCs 

 1st heating  2nd heating  

Sample Code 

Peak 

crystalline 

melting 

temperatu

re 

∆H Crystallinity 

Peak 

crystalline 

melting 

temperatur

e 

∆H Crystallinity 

 [°C] [J/g] [%] [°C] [J/g] [%] 

150 F/W 
154.9, 

164.5 

90.1 43 162.5 81.2 39 

150 F/MB/W 170.1 97.9 47 164.2 89.0 43 

155 F/W 167.8 94.6 45 164.6 88.0 42 

155 F/MB/W 166.6 102.2 49 164.1 90.7 43 

155 MB/W 172.7 109.4 53 164.9 93.1 45 

160 F/W 167.1 96.0 46 163.5 85.4 41 

160 F/MB/W 166.3 104.1 50 164.1 90.7 43 

 

Table A. 15. Tensile properties of the components 

 Tensile strength 

Sample Name [MPa] 

PP blend film 18.1 ± 0.8 

PP woven fabric 421 ± 2     

PP MB fiber mat 2.5 ± 0.3 

    (fiber/tape) [166] 

Table A. 16. Properties of the PP resins 

 Melting 

temperature 

[°C] 

Melt flow index 

[g/10 at 230 °C, 

2.16 kg] 

Molecular 

weight 

[Da] 

Density 

[kg/m3] 

S401 L-MODU 

iPP (LiPP) 

80  2,600 45,000  870 

HL912FB (hPP) 158  1,200  N/A 890 

R1059A (rPP) 148 84 N/A 918 
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Table A. 17. PP/MWCNT nanocomposite blends DSC data obtained from cooling and 2nd heating 

cycles 

CNT content  

2nd heating Cooling 

2nd heating 

peak 

crystalline 

melting 

temperature 

2nd 

heating 

melting 

enthalpy 

Degree of 

crystallinity 

Peak 

crystallization 

temperature 

Crystallization 

enthalpy 

[wt%] [°C] [W/g] [%] [°C] [W/g] 

0 (Pristine) 160.71 96.91 46.82 117.92 94.62 

0.1 158.88 101.9 49.28 123.45 101.7 

0.25 159.34 97.51 47.22 124.19 96.32 

0.5 161.51 92.09 44.71 124.93 93.2 

0.75 160.71 100.6 48.97 125.38 96.06 

5 

(Masterbatch) 
161.36 58.11 29.55 130.78 58.25 

Table A. 18. Variation of average fiber diameter, areal density and specific strength versus MWCNT 

content 

MWCNT content 
Average fiber 

diameter 
Areal density Specific Strength 

[wt%] [μm] [g/m2] [kN/mg] 

0 (Pristine) 1.34 ± 0.22 217.7 ± 27.8 12.5 ± 3.0 

0.05 1.68 ± 0.26 120.6 ± 8.7 15.6 ± 2.0 

0.10 1.82 ± 0.34 114.6 ± 9.0 22.3 ± 1.4 

0.25 2.49 ± 0.55 71.1 ± 7.5 13.8 ± 2.2 

0.50 2.78 ± 0.71 51.7 ± 2.0 8.7 ± 1.0 
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Table A. 19. PP/MWCNT nanocomposite fiber DSC data obtained from 1st and 2nd heating cycles 
 

1st heating 2nd heating  

CNT content  1st heating 

peak 

crystalline 

melting 

temperatur

e 

1st 

heating 

melting 

enthalp

y 

Degree of 

crystallinity 

2nd heating peak 

crystalline 

melting 

temperature 

2nd 

heating 

melting 

enthalp

y 

 [wt%] [°C] [W/g] [%] [°C] [W/g] 

0 160.2 89.87 43.4 155.7 and 162.8 89.9 

0.05 162.5 90.8 43.9 158.0 93.8 

0.1 161.5 88.2 42.6 158.5 90.1 

0.25 161.9 86.8 42.0 158.8 90.5 

0.5 161.5 88.1 42.7 158.7 90.0 

Table A. 20. PP/MWCNT nanocomposite fiber DSC data obtained from the cooling cycle 

CNT content  Onset 

crystallization 

temperature 

Peak 

crystallization 

temperature 

Crystallization 

enthalpy 

Degree of 

crystallinity  

 [wt%] [°C] [°C] [W/g] [%] 

0 123.2 119.4 98.7 47.7 

0.05 126.4 124.0 100.2 48.4 

0.1 126.4 123.7 97.0 46.9 

0.25 128.4 125.7 97.4 47.2 

0.5 128.3 125.6 95.8 46.5 
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Table A. 21. Onset degradation temperature for 95 and 50 % weight loss data obtained by TGA test for 

the pristine and PP/MWCNT nanocomposite fiber mats 

weight loss [%] CNT Content [wt%] 

0 0.05 0.1 0.25 0.5 

95 326.8 °C 382.4 °C 398.1 °C 402.0 °C 404.7 °C 

50 400.9 °C 440.8 °C 443.2 °C 443.4 °C 444.0 °C 

 

 

Table A. 22. DSC 1st heating peak crystalline melting temperatures of the MB PLA fibers at different 

decomposition times 

 0 day 7 day 14 day 0 day 7 day 14 day 

 
HC peak crystalline melting 

temperature [°C] 

SC peak crystalline melting 

temperature [°C] 

PDLA 169.3 156.2 146.6 - - - 

3D1L 163.6 153.2 - 224.3 208.1 191.9 

1D1L - - - 219.7 212.2 193.1 

1D3L 166.1 151.7 - 224.1 205.5 187.7 

PLLA 165.7 159.2 145.2 - - - 

Table A. 23. DSC 1st heating degree of crystallinity data for HC and SC PLA crystals of the MB PLA 

fibers at different decomposition times 
 

0 day 7 day 14 day 0 day 7 day 14 day 
 

Degree of HC crystallinity [%] Degree of SC crystallinity [%] 

PDLA 20.4 65.2 41.8 - - - 

3D1L 1.5 2.3 - 56.7 27.5 3.7 

1D1L - - - 55.4 69.1 55.4 

1D3L 15.9 5.5 - 33.8 49.4 3.2 

PLLA 20.2 70.5 35.1 - - - 
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Table A. 24. DSC 1st heating HC peak crystalline melting temperatures of the MB PLA fibers at 

different hydrolytic decomposition times 

 0 7 14 21 28 42 56 70 

 HC peak crystalline melting temperature [°C] 

D 169.3 158.8, 164.0 155.9 152.2 149.0 144.3 141.7 138.7 

3D1L 163.6 160.5 144.0, 157.3 - - - - - 

1D1L - - - - - - - - 

1D3L 150.3 145.6, 157.8 135.7, 151.2 - - - - - 

L 165.7 160.2 151.3 147.7 144.7 142.0 139.0 138.6 

 

Table A. 25. DSC 1st heating SC peak crystalline melting temperatures of the MB PLA fibers at 

different hydrolytic decomposition times 

 0 7 14 21 28 42 56 70 

 SC peak crystalline melting temperature [°C] 

D - - - - - - - - 

3D1L 223.0 218.8 211.9 204.0 196.2 193.3 188.3 186.6 

1D1L 220.6 217.3 209.9 200.3 195.4 193.8 186.6 184.4 

1D3L 222.6 208.1 210.7 200.2 195.4 188.7 187.2 185.1 

L - - - - - - - - 

 

Table A. 26. Degree of HC crystallinity of the MB PLA fibers at different hydrolytic decomposition 

times 

 0 7 14 21 28 42 56 70 

 Degree of HC crystallinity [%] 

D 20.4 70.1 62.2 65.9 66.4 63.0 65.5 60.1 

3D1L 1.5 7.5 12.5 - - - - - 

1D1L - - - - - - - - 

1D3L 16.0 17.0 1.6 - - - - - 

L 20.2 66.6 66.9 64.0 68.4 49.2 58.2 57.3 
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Table A. 27. Degree of SC crystallinity of the MB PLA fibers at different hydrolytic decomposition 

times 

 0 7 14 21 28 42 56 70 

 Degree of SC crystallinity [%] 

D - - - - - - - - 

3D1L 56.8 33.1 39.2 58.0 57.5 41.0 58.1 54.2 

1D1L 55.5 68.2 45.9 79.0 68.8 45.5 58.8 56.8 

1D3L 33.8 47.0 41.2 54.8 68.1 45.3 60.7 57.0 

L - - - - - - - - 

 

Table A. 28. HC crystallization temperature of the MB PLA fibers at different hydrolytic 

decomposition times 

 0 7 14 21 28 42 56 70 

 HC crystallization temperature [°C] 

D 110.2 106.0 104.0 97.5, 107.7 109.7 91.3, 103.4 93.9, 103.8 102.7 

3D1L 137.3 119.1 107.5 95.4 120.3 - 121.6 121.0 

1D1L - - - - - - - - 

1D3L 132.9 122.6 100.2 - - - 132.6 - 

L 103.6 99.6, 111.7 96.9, 109.2 107.1 106.5 103.4 96.4 104.9 

 

Table A. 29. SC crystallization temperature of the MB PLA fibers at different hydrolytic 

decomposition times 

 0 7 14 21 28 42 56 70 

 SC crystallization temperature [°C] 

D - -  - - - - - 

3D1L 154.9 160.3 159.6 158.5 180.6 176.8 169.1 166.7 

1D1L 158.2 160.7 157.8 168.2 155.4 173.5 170.0 161.4 

1D3L 152.1 162.4 157.9 156.8 177.7 150.3, 166.8 168.2 164.6 

L - - - - - - - - 
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Table A. 30. TGA 5 and 50 wt% mass loss temperatures of the MB PLA fibers at different hydrolytic 

decomposition times 

 T5%  [°C] T50%  [°C] 

 0 14 28 56 70 0 14 28 56 70 

D 260.4 251.6 237.1 237.3 212.8 309.1 294.9 285.5 290.9 260.8 

3D1L 277.4 230.0 229.4 223.7 221.0 325.0 271.1 279.1 274.4 275.1 

1D1L 283.0 243.1 243.5 225.1 227.0 327.5 305.6 316.9 292.6 305.3 

1D3L 269.0 243.1 237.2 216.8 221.1 326.2 299.5 279.0 260.7 273.0 

L 242.4 256.0 237.9 234.9 221.3 293.7 307.5 298.0 289.4 265.2 

Table A. 31. Comparison of the geometries of the CAD model and 3D printed samples  
 

length relative error thickness relative error width relative error 
 

[mm] [%] [mm] [%] [mm] [%] 

1 79.73 0.34 1.49 0.67 9.96 0.40 

2 79.37 0.79 1.52 1.33 9.97 0.30 

3 79.42 0.73 1.55 3.33 10.06 0.60 

4 79.35 0.82 1.57 4.67 10.01 0.10 

5 79.57 0.54 1.54 2.67 10.09 0.90 

CAD model 80.00 
 

1.50 
 

10.00 
 

 

Table A. 32. Variation of tensile properties of the fiber mats produced via different air pressures and 

air knives with different cone opening angles  

Cone opening 

angle (α) Air pressure Specific strength Strain at σmax. 
Strain at 

break 

[°] [bar] [kNmm2/g] [-] [-] 

60 

1 24.4 ± 3.91 0.6 ± 0.05 1.1 ± 0.10 

1.5 44.4 ± 4.99 0.6 ± 0.05 1.0 ± 0.11 

2 56.9 ± 8.35 0.4 ± 0.05 0.9 ± 0.03 

35 

1 46.6 ± 1.96 0.7 ± 0.09 1.1 ± 0.08 

1.5 73.3 ± 10.61 0.6 ± 0.03 1.0 ± 0.02 

2 76.4 ± 6.05 0.5 ± 0.04 0.9 ± 0.06 
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Table A. 33. DSC 1st heating data of the fiber mats and filament 

 

Cold crystallization 

temperature 
Peak 

crystalline 

melting 

temperature 

Cold crystallization 

enthalpy Crystalline 

melting 

enthalpy 
1 2 1 2 

 [°C] [°C] [°C] [J/g] [J/g] [J/g] 

60° 2 bar 88.1 157.9 171.4 24.2 1.3 58.1 

60° 1.5 bar 87.4 158.0 171.2 27.2 1.5 58.7 

60° 1 bar 88.0 158.2 171.0 27.7 2.1 56.6 

35° 2 bar 87.9 158.3 171.4 24.5 2.3 55.8 

35° 1.5 bar 89.3 157.3 172.1 29.9 2.1 60.2 

35° 1 bar 88.7 157.4 171.7 26.7 2.1 59.0 

filament 96.5 158.0 172.8 29.3 2.9 59.3 

 


