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ABSTRACT 

To be able to produce highly oriented and strong fibers from polymer solutions, a high elongational 

rate during the fiber forming process is necessary. In the air-gap spinning process, a high elongational 

rate is realized by employing a high draw ratio, the ratio between take-up and extrusion velocity. Air-

gap spinning of lignin-cellulose ionic-liquid solutions renders fibers that are promising to use as carbon 

fiber precursors. To further improve their mechanical properties, the polymer orientation should be 

maximized. However, achieving high draw ratios is limited by spinning instabilities that occur at high 

elongational rates. The aim of this experimental study is to understand the link between solution 

properties and the critical draw ratio during air-gap spinning. A maximum critical draw ratio with 

respect to temperature is found. Two mechanisms that limit the critical draw ratio are proposed, 

cohesive breach and draw resonance, the latter identified from high-speed videos. The two 

mechanisms clearly correlate with different temperature regions. The results from this work are not 

only of value for future work within the studied system but also for the design of air-gap spinning 

processes in general.   

 



INTRODUCTION 

Carbon fibers are used as light-weight, high-strength reinforcement in composites. Research efforts 

are put into finding cheaper and more sustainable alternatives to the expensive, fossil-based carbon 

fibers used commercially today. Interesting candidates are wood-based carbon fibers made of 

cellulose and/or lignin, and promising results have been found from solution spinning lignin and 

cellulose together to form precursor fibers, which in turn have been carbonized to completely bio-

based carbon fibers.1,2 To improve the mechanical properties of the precursor fibers and, 

subsequently, also the final mechanical properties of the carbonized fibers, it is necessary to orient the 

polymers along the fiber axis. This is most efficiently done by applying an elongational stretch, called 

the draw ratio, to the extruded polymer solution before solidification.3 The draw ratio is defined as the 

ratio between take-up velocity and extrusion velocity. A high draw ratio also reduces the diameter of 

the spun filaments, and small diameters are known to be beneficial to the strength of carbon fibers.4,5 

Accordingly, if high draw ratios are feasible, the capillaries in the die can be enlarged while still 

achieving fine filaments, which leads to higher throughput rates and lower pressure drops.6   

Consequently, a high draw ratio should be sought to produce strong filaments and to design an 

efficient spinning process. However, a high draw ratio can only be reached by avoiding spinning 

instabilities. 

The mechanisms leading to spinning failure during wet spinning and air-gap spinning is, to our 

knowledge, not extensively studied in scientific literature. However, several studies have focused on 

the different kinds of breaches occurring during melt spinning, and some analogies to air-gap spinning 

can be drawn. The breaches can be divided into two main categories. First, there is a critical breach, 

set by the inherent properties of the polymer melt and the process design. Second, there is breach 

caused by imperfections in the polymer melt or process failure, such as uneven extrusion, uneven take-

up speed or contaminations. Only critical breach will be considered in the following. There are a few 

defined critical instabilities in melt spinning; two of them originate from the theory of disintegration 

of a fluid thread, cohesive and capillary breach, and they are illustrated in Figure 1.7,3  



 

These two breaking mechanisms of liquid threads have been described by Ziabicki et al.,7 who observed 

the fluid thread length of oils. The oils were extruded with different velocities and then let to fall free. 

They found that the thread length correlated with extrusion speed and viscosity of solution. Ziabicki 

and coworkers later compared their theory to experimental work performed by Oshima et al.8 where 

cellulose acetate solutions were pulled from solution at constant speed with the aid of a rod. Thread 

length was thereafter plotted against pulling speed. Similar to Ziabicki et al., Oshima et al. have found 

a maximum in thread length. As pointed out by Walczack,9 the existence of a maximum is the only 

similarity between the two studies since the first study considers extrusion speed and the other one 

take-up speed. Furthermore, when performing actual spinning, the critical factor is draw ratio, which 

was not considered by either Ziabicki et al.7 or Oshima et al.8 An applied draw ratio corresponds to an 

elongational rate (s-1) and not a velocity (m∙s-1). Consequently, the published results of maximum 

thread length cannot easily be transferred to spinning processes and spinning stability. On the other 

hand, the identified mechanisms that cause a fluid thread to ultimately break are useful tools for 

understanding the breach mechanisms during spinning.  

To extend and shape a viscoelastic fluid into a filament, as happens during spinning, the application of 

an external force is required. This force is balanced by viscous and elastic forces developed in the 

deformed fluid.10 When the elastic force divided by the cross-sectional area equals the breaking stress, 

the filament will break. This breach is known as cohesive breach. A colder polymer melt with higher 

viscosity needs a higher pulling force to be elongated, and, therefore, will break at lower draw 

ratios.11,12 By using a tensiometer at the take-up roll, the force needed to pull the filament can be 

measured. It is then possible to observe an increase in tensile stress at the take-up rolls with a higher 

elongational rate (and thus draw ratio)13 and higher elongational viscosity.14 This relation was also 

observed by Arora et al.,15 who found a critical Weissenberg number for when fracture occurred. The 

Weissenberg number (Wi) is a dimensionless number calculated as the product of strain rate (s-1) and 



the reptation time, also called the longest relaxation time,16 of the fluid. The reptation time increases 

at lower temperatures. The critical Wi is, thus, reached at lower strain rates, and consequently draw 

ratios, at lower temperatures.  

During melt spinning, other types of instabilities also occur, such as melt fracture and draw resonance. 

The problem with melt fracture occurs at high extrusion velocities.6 Such high extrusion velocities are 

not handled within the current work and, thus, are not discussed further. Draw resonance is a periodic 

fluctuation in diameter that grows substantially above a critical draw ratio.17,18 If the amplitude of the 

fluctuation becomes large enough, it can split the filament into droplets, which is a capillary breach. 

On the other hand, a breach may also occur at the narrow cross sections, the formed nodes of the 

filament, and break when the nodes cannot bear the force.19 Draw resonance is often linked to 

variations or disturbances in the equipment or process set up.11 However, draw resonance can be 

suppressed with effective cooling of a melt spun filament.17 This suprression indicates that draw 

resonance is linked to fluid properties and not only external disturbances. In Petrie and Denn’s6 

summary, a majority of the draw resonance observations during melt spinning showed that an increase 

in the temperature of a polymer melt increases the critical draw ratio, i.e. delays the onset of draw 

resonance. However, in one study in the same summary,6 a further increase in temperature reduced 

the critical draw ratio again. The latter finding indicates that the causes of and ways to avoid draw 

resonance are not obvious. 

A concentrated polymer solution can, in many cases, be compared to a polymer melt. Wirth et al.19 

have summarized the instabilities of air-gap spinning and noted that breach can occur both in the air-

gap and in the coagulation bath. A viscous drag, friction, is exerted on the filament in the coagulation 

bath by the coagulant liquid. The tensile stress in the filament, thus, increases along the spin line.13 

Paul10 suggested in 1968 that this may cause a “telescopic breach,” that is initiated in the freshly 

coagulated skin. However, this type of breach mechanism has not yet been confirmed.  

 



Previous experimental work on air-gap spinning has linked the rheology of solution to spinnability or 

the critical draw ratio in a non-systematic fashion.21,22 Related studies also focus on the effect of 

process parameters or type of coagulant on fiber properties.23 Haward et al.,24 investigated the 

elongational behavior of a cellulose-EMIMAc solution with capillary break-up elongational rheology 

(CaBER) measurements. They concluded that the stability of spinning, and possible draw ratio, may 

increase with cellulose concentration. However, the experimental work only covered solutions up to 8 

wt% cellulose, and all at room temperature. Furthermore, Hauru et al.25 have presented the possible 

draw ratio for cellulose in different solvents, but scarcely commented the mechanisms causing the 

breaches.25 Screening of a broader range of temperatures, and consequently viscosities, has, in many 

cases, been hindered by the high melting points and low degradation points of the solvent and/or 

polymer. For example, N-Methylmorpholine-N-oxide (NMMO), the solvent used for processing 

cellulose in the industrial Lyocell process, can only be used within the range of 80-120 °C.26 

Consequently, there is a need to comprehensively investigate the link between the rheology of the 

solution and the breach mechanism during air-gap spinning. Knowledge of how to maximize the critical 

draw ratio is essential to design a stable spinning process, improve polymer orientation in spun fibers 

and increase throughput rates. In this study, the temperature was varied over a broad interval, 

enabling the examination of a wide range of solution viscosities. The critical draw ratio was noted, and 

filament breakage was captured with a high-speed video camera to be able to analyze and identify the 

dominant breach mechanism for each temperature.  

EXPERIMENTAL 

Materials 

Softwood Kraft lignin (SKL) was received from Bäckhammar Pilot Plant (Bäckhammar, Sweden) where 

it was isolated with the LignoBoost method using industrial black liquor.27 Before use, SKL was dried 

overnight at 60 °C at 100 mbar and passed through a 0.5 mm sieve. A softwood Kraft dissolving pulp 

(DKP) (Intrinsic viscosity of 465 mL/g according to ISO 5351:2010) was purchased from Georgia Pacific 



Cellulose. Pulp sheets were chopped, ground and dried overnight at 40 °C prior to dissolution. The 

solvent, 1-ethyl-3-methylimidazolium acetate (EMIMAc, Aldrich 95%), was used as received.  

Dissolution  

Lignin and cellulose were dissolved simultaneously in neat EMIMAc at 70 °C for 1 hour in a closed 

reactor with overhead stirring at 30 rpm. Solutions were prepared with 16 wt% solid content of 

solution, composed of 8% cellulose and 8% lignin. Complete dissolution was confirmed by observing 

the solutions in light microscopy,  Nikon Eclipse Ci-POL (Nikon Instruments, Tokyo, Japan), using 

crossed polarizers. Deaeration was done at 60 °C and below 100 mbar pressure overnight prior to 

spinning. 

Rheology 

The solution was analyzed with oscillating rheometry using a CS Rheometer (Bohlin Instruments, 

Cirencester, UK) with a cone/plate-geometry (25 mm/5°) to obtain the shear rate-viscosity relation for 

each temperature. Strain was set to 0.01 to remain within the linear visco-elastic region. 

Spinning and maximum draw ratio 

The solution was spun using bench-scale spinning equipment consisting of a piston pump, a 

coagulation bath (7 L) and a take-up roll, as illustrated in Figure 2.  The spinneret had 4 apertures with 

a capillary diameter of 150 µm and L/D 3. The solution was filtered through a 5 µm sintered metal fiber 

fleece filter and extruded with a fixed extrusion velocity (ve) of 4 m/min. The extruded filaments were 

led via an air gap of 10 mm into a coagulation bath of deionized water at a maximum temperature of 

5 °C. Calculations made showed that, at the conditions in the coagulation bath, the thermal diffusivity 

is substationally faster than the mass transport, therefore, it can be assumed that the filaments, 

regardless of the temperature of the spinning solution, obtain the temperature of the coagulation bath 

virtually instantaniously. In total, five different temperatures of the spinning solution were 

investigated; 30, 45, 60, 75 and 90 °C. Take-up speed (vt) during spinning was increased incrementally, 



with stable spinning conditions inbetween increments, until filament breach. The speed at which the 

first and last filaments broke was noted. This procedure was repeated 5 times for each temperature.   

 

High-speed video recordings 

The air gap was recorded with a high-speed video camera (500 frames per second), Sony, RX10 II with 

a Zeiss lens (Vario-Sonnar T* F2,8) equipped with an “End trigger”28 enabling the capture of filament 

breach. A total number of 10-12 video recordings were captured for each temperature, and these 

were, subsequently, evaluated anonymously through a code system with respect to spinning 

temperature. Each video documented the occurrence of any diameter fluctuations, i.e. draw 

resonance, and/or if the filament breach took place in the air gap. Three authors separately evaluated 

if there was a clear draw ratio (yes) or weak draw resonance (tendency). The total observation was, 

thereafter, calculated as the average of the response where yes = 1 and tendency = 0.5. Video statistics 

were afterwards linked to temperature.    

Photographs 

Extrusion was photographed using a Nikon D90 with a Tamron sp Di lens (AF 90 mm 1:2.8, Makro 1:1) 

to capture die swell. Die swell was calculated by dividing the maximum thickness of the extruded 

filament with the capillary diameter. Temperature was varied between 30, 45 and 60 °C, and the draw 

ratio was set to 4. 

Characterization of spun filaments 

Tensile testing (Vibroskop/Vibrodyn, Lenzing Instruments, Austria) was performed on conditioned 

filaments at 20 ±2 °C and 65±3% RH with an extension rate of 20 mm min-1 and a gauge length of 20 

mm. Images of the surface of the filaments were taken with a scanning electron microscope (SEM) 

from JEOL, model JSM-7800F. The filaments were coated with 1.5 nm of platinum. Secondary electrons 

images were acquired using an accelerating voltage of 5 kV and a working distance of 4 mm.  

RESULTS AND DISCUSSION 



The breach mechanisms of lignin-cellulose solutions during air-gap spinning were investigated. By 

varying the temperature of the solution, the critical draw ratio was mapped, and by using video 

recordings, the type of breach mechanism was linked to each temperature (viscosity) of the solution. 

Rheology of solution 

The solutions were clear, i.e. no undissolved fragments were observed in light microscopy images (see 

Supporting Information (SI)). The complex viscosity of solution and the storage and loss modulus is 

plotted against frequency in Figure 3 at the different temperatures used in the spinning study. During 

actual spinning, the deformation and the deformation rate were much greater than covered in Figure 

3. On the other hand, it is not practical to measure the viscosity at such high rates. However, important 

information can also be gathered from this frequency range. As the temperature increases, the 

viscosity decreases exponentially, and a Newtonian plateau starts to be more and more pronounced, 

a typical behavior of cellulose in ionic liquids.29 This change in the shape of the viscosity curves entails 

that, with an increase of temperature, the average relaxation time decreases and the elastic 

component becomes less significant. The changed relation between the elastic and viscosus 

component of solution is also visible in Figure 3 as the cross over point (COP) shifts to higher 

frequencies with increased temperature. The COP is where the storage and loss modulus have the 

same magnitude.  

Critical draw ratio 

Figure 4 shows the critical draw ratio possible for each temperature studied. A maximum in critical 

draw ratio was clearly found around 60 °C. Spinning was performed with a die consisting of 4 

capillaries, and it was noted both when the first and last filaments broke. When the first filament broke, 

it may be due to imperfections in solution, such as air bubbles or other inhomogeneities. The breakage 

in the last filament was likely a critical breach. Since a maximum in critical draw ratio was found with 

respect to temperature, the assumption was made that filament breakage was caused by at least two 



mechanisms. The aim was, thereafter, to find the dominating mechanism for the different 

temperatures.  

Analyzing the breach mechanism 

Both photographs and video recordings were used to analyze the breach mechanism. In the text below, 

the increasing draw ratio with increasing temperatures from 30 to 60 °C will be discussed first followed 

by a discussion of the decreasing draw ratio with increasing temperatures from 60 to 90 °C. 

Die swell is a spinning phenomenon that might decrease the critical draw ratio. Die swell is an elastic 

recovery of the solution once it has exited the capillaries in the die,30 and it is calculated as the ratio of 

extrudate diameter and capillary diameter. After swelling, the velocity of the solution becomes slower 

than the set extrusion velocity.13 A true draw ratio would therefore consider this new reduced velocity 

as the extrusion velocity. A colder and more elastic solution could be expected to experience a more 

pronounced die swell30 and, thus, the true draw ratio might be higher. Subsequently, if considering 

true draw ratio, the decrease in the critical draw ratio when lowering the temperature would be 

somewhat less severe than what is shown in Figure 2. To evaluate the existence of die swell, the 

extrusion was photographed at high magnification. It was possible to measure die swell at each 

temperature with these pictures, and the values are presented in Table 1. An example of die swell is 

shown in Figure 5 with both a photo of the capillary exit and a photo taken during the extrusion of a 

filament. As shown in Table 1, no significant difference in die swell was calculated for 30, 45 or 60 °C. 

Consequently, die swell was not the cause of the lower critical draw ratio at lower temperatures. 

After die swell was excluded, other mechanisms that could cause a breach at lower temperatures were 

considered. One explanation for the increased critical draw ratio when the temperature of solution is 

heated up to 60 °C is the lowered viscosity. When the temperature of solution is increased, the force 

to extend the filament decreases, and the breaking stress is reached at a higher draw ratio. Therefore, 

we propose that the dominating breach mechanism up to 60 °C is cohesive breach. This assumption is 

in line with literature on melt spinning, where it has been found that a colder polymer melt with higher 



viscosity needs a higher pulling force to be elongated and will, therefore, break at lower draw 

ratios.11,12  

At higher temperatures, the decrease in the critical draw ratio is not as easily described, and to 

investigate the breach mechanism further, the actual breakage was recorded with a high-speed video 

camera. The addition of lignin made the solution dark and, thereby, enhanced the contrast of the 

extruded filaments. This contrast simplified the analysis, especially in comparison to pure cellulose 

solutions which are virtually transparent. Video recordings of critical draw ratio that included a 

breakage were evaluated regarding the existence of draw resonance, i.e. a periodic fluctuation of the 

filament diameter. Captured pictures from one video can be seen as an example in Figure 6. As 

indicated, the diamater fluctuations lasted a period of only about 0.1 s, and were, thus, very difficult 

to observe with the naked eye during spinning, however, the flctuations were evident in the video 

recording. In the particular example treated in Figure 4, the filament furthest to the right broke at 0.9 

s. Example video recorings are available in the SI. 

As can be seen in Figure 7, the occurrence of draw resonance at breakage increased dramatically above 

60 °C. The majority of video recordings nevertheless showed that filaments broke in the coagulation 

bath and not in the air-gap as would be expected in the case of a clear capillary breach.7 Instead, we 

suggest that the breakage is a cohesive breach at the nodes of the diameter fluctuations, and can, 

thereby, still be considered to be caused by draw resonance.19 

Several studies have tried to simulate draw resonance and the critical draw ratio in melt spinning using 

different models. In all cases that neglected surface tension, the critical draw ratio increased with 

fluidity, i.e. the decreasing viscosity of the polymer melt.9,6 However, excluding surface tension is not 

a realistic scenario. Schuermann et al.31 have measured the surface tension of pure cellulose-EMIMAc 

solutions and found that the surface tension of such solutions was fairly constant with respect to 

temperature. Furthermore, considering the forces on the filament during extrusion, as illustraded in 

Figure 2, the ratio between the force generated by the surface tension (Fsurf) and viscosity (Frheo) will 



increase with temperature, since the viscosity decreases exponentially with temperature. In fact, when 

surface tension is also accounted for in simulations of draw resonance, the temperature relation 

reverses and the critical draw ratio decreases with fluidity.32,33 The latter simulations, which exhibited 

a reduced critical draw ratio above a certain temperature, correlate with the experimental results of 

this study. Thus, we propose that onset draw resonance will descend when a certain relation between 

surface tension to viscosity is achieved.  

The mechanical properties of filaments spun from solution with temperature 30, 60 and 75 °C are 

presented in Table 2. A filament spun with same draw ratio became somewhat stronger and stiffer, 

higher modulus, if spun from a colder solution. A likely cause is that when the solution is colder, less 

relaxation of the cellulose and lignin occurs in the air gap, i.e. before coagulation, which, consequently, 

may render a stiffer fiber. However, an even stiffer and stronger fiber was produced when the draw 

ratio was increased, as seen for the filaments spun from a solution at 60 °C with a draw ratio of 12. The 

latter indicates the importance of spinning with high draw ratios to produce strong filaments. 

Furthermore, SEM-images of spun filaments from solutions with a temperature of 60 °C with three 

different draw ratios (4, 8 and 12), are available in the SI. As can be concluded from the images, the 

surface of the filaments was smooth and the diameter decreased with draw ratio, as expected. 

While the difference in strength and stiffness is relatively modest between 30 and 60 °C, there is a 

larger difference in the narrow temperature range between 60 and 75 °C. Therefore, relaxation might 

not be the only reason for weaker fibers. The larger strength difference may also be due to possible 

draw resonance at 75 °C. The formed nodes on the filaments are weaker, which consequently results 

in weaker filaments.   

CONCLUSIONS 

After spinning a lignin-cellulose solution at five different temperatures, a maximum in critical draw 

ratio was found at 60°C.  Based on the findings, we propose an explanation that includes two limiting 



mechanisms during air-gap spinning. At low temperatures, i.e. high viscosity, the dominant breach 

mechanism was considered to be cohesive breach. This breach occurs when the breaking stress is 

reached, which occurs at lower draw ratios due to the higher force needed to extend the filament at 

high viscosities. At higher temperatures, the limiting mechanism was found to be draw resonance. The 

onset of draw resonance descended to lower draw ratios when the temperature increased as a result 

of the increased impact of surface tension at lower viscosities. Furthermore, filaments spun with the 

same draw ratio but with higher temperature of solution are slightly less strong and stiff, making them 

more susceptible towards breach in the nodes formed during draw resonance. Draw ratio in air-gap 

spinning can, consequently, be maximized if performed at the border between the two dominating 

breach mechanisms. This knowledge can be used to produce as strong and fine filaments as possible 

from a certain solution, and the results are useful not only for the manufacturing of carbon fiber 

precursors but also for air-gap spinning of polymer solutions in general.    
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FIGURES AND TABLES 

 

FIGURE 1. The two different kinds of breach mechanisms of fluids. 

 

 

FIGURE 2. Experimental set up of air-gap spinning used in the study. ve and vt, are extrusion and take 
up velocity, respectively. Illustration of forces reproduced from Stibal et al.4 Frheo = rheological (viscous) 
force, Fext = external take-up force, Fgrav = force of gravity, Finert = force of inertia, Ffric = frictional force, 
Fsurf = force due to surface tension. 

 

FIGURE 3. Magnitude of the complex viscosity and, storage and loss modulus of solution at the 
different temperatures used in the study. 



 

FIGURE 4. Critical draw ratio (vt/ve) at different temperatures. n = 5. 

 

FIGURE 5. Example of die swell. The pink arrow indicates the same point in both images. Left: 
capillary exit in spinnerette. Right: extruded solution filament. Die swell was measured in the images 
as the ratio between the thickest diameter of the extruded filament and capillary diameter. See 
example of measurement in the SI. 

 



FIGURE 6. Captured pictures from a video recording showing the relative real time difference of 
extrusion of solution at 75ºC. Draw resonance is shown for both filaments, indicated with dashed 
rectangles, as both filaments were slightly thicker at 0.1 and 0.3 s than at 0 and 0.2 s. 

 

FIGURE 7. Video recording statistics of draw resonance. In total, 10 – 12 videos were collected for each 
solution and were evaluated anonymously by three authors separately. The film was rated 1 for a clear 
draw resonance, and the film received a 0.5 score for tendency of draw. The average score for each 
temperature is presented. 

TABLE 1. Calculated die swell for each solution temperature. 

 

 

 

TABLE 2. Mechanical properties of fibers spun from solutions of different temperatures.  

 

 

  

Temperature (°C) Die swell 

30 1.9 ± 0.10 

45 2.0 ± 0.07 

60 1.8 ± 0.03 

Temperature 
 (°C) 

Draw ratio Tenacity  
(cN/tex) 

Tensile modulus 
(cN/tex) 

30 4 21.5 ± 2.4 706 ± 42 

60 4 20.1 ± 1.9 660 ± 41 

60 12 23.5 ± 2.1 830 ± 54 

75 4 16.7 ± 1.9 573 ± 74 
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