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M
onofilaments precursor of linear ultra-high molecular weight polyethylene
(UHMWPE) were produced by gel spinning at controlled conditions. The rhe-
ological behaviour of UHMWPE solution (gel) was studied in paraffin oil at

175ºC with deformation rates in the range 600-11000 s-1 which was in good agree-
ment with power law model. The effect of paraffin concentration of the extraction bath
was determined on the amount of paraffin remained in the precursor fibre and  on the
extraction time. The desorption behaviour of paraffin/UHMWPE system is in accor-
dance with Flory-Huggins model. The precursor fibre structure and its morphology
before drawing process is a determining parameter in drawability and properties of the
produced fibre. Thus, the effects of processing conditions such as spinning speed,
spinneret geometry, and temperature of the region between the die and the quench
bath were investigated on the crystallinity of the precursor fibre. High deformation
rates ( ) caused by decreasing the die diameter or increasing the spinning speed
result in more macromolecular orientation and increased degree of crystallinity.
Significant recrystallization or crystal perfection took place during the solvent extrac-
tion step which increased the melting point of the precursor fibre from 118.5ºC to 147ºC.  
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Highly oriented ultra high molecu-

lar weight polyethylene (UHMW-

PE) fibres and production of ultra

high modulus fibre have been stud-

ied extensively during the last two

decades. The original ideas behind

the  production of these fibres were

based on attempts to transform the

chain folded crystalline and amor-

phous structure of UHMWPE to a

highly oriented chain extended

structure exhibiting nearly perfect

molecular orientation [1].

High tenacity and high modulus

polyethylene fibres due to their

superior chemical and mechanical

properties such as low density,

excellent chemical, ultraviolet and

abrasion resistance, and excellent

impact strength, have been widely

 



used in the manufacturing of a wide variety of commer-

cial articles, including bullet proof vests, marine ropes,

fishing nets, sail cloth, sporting goods, low temperature

impact resistant composites, and medical devices [2].

High draw ratio during production of UHMWPE

fibres is essential for formation of highly oriented

fibrous structure and obtaining ultra-high mechanical

properties. A variety of procedures have been tried to

achieve high macromolecular orientation and to obtain

high strength high modulus fibres [2]. These procedures

include solid state extrusion [3,4], surface growth tech-

niques [5-8], melt spinning followed by drawing [9,10],

gel spinning followed by ultra drawing [11-21] and

drawing of nascent as-polymerized polymers (i.e.,

obtaining disentangled UHMWPE by direct polymer-

ization in the reactor) [22].  

Different fibre processing methods lead to different

morphologies and different ultimate properties.

However, among these techniques only the gel spinning

method has been proved to be economically feasible for

large scale productions and has been commercialized. In

this method, a gel solution of UHMWPE is prepared and

spun into fibres. After solvent extraction, the fibre is hot

drawn to achieve a highly oriented structure with high

modulus. Considering the fact that fibre production con-

sists of different steps, various parameters affect the

final properties of the fibres. 

The rheological behaviour of the gel solution deter-

mines the spin-ability of the gel solution [21]. A few

articles have reported the fundamental rheological

behaviour of UHMWPE solutions [21, 23-25] and most

of them imply to shear thinning non-Newtonian behav-

iour. 

After shaping the gel solution to a fibre, the solvent

should be extracted from it which is done by a solvent

of low boiling point. Thus the sorption behaviour of the

polymer/solvent system should be taken into account

which depends on the relative strength of the interaction

between the solvent and the polymer [26]. Although

some papers have dealt with qualitative investigation of

the extraction process [18,20] none of them, however,

have reported a fundamental quantitative description of

this subject. 

After solvent extraction, the fibres are hot drawn to

the maximum draw ratio [15,16]. The fibres structure

and their morphology before drawing may determine

their drawability and hence their mechanical properties.

The crystallization of UHMWPE from solution intro-

duces a morphology which is favourable for solid state

drawing in contrast to the morphology of melt-crystal-

lized UHMWPE. The strongly enhanced drawability of

the solution crystallized UHMWPE can be explained in

terms of the controlled reduction of entanglements

which act as physical cross-links on the time scale of the

drawing experiment [12]. In addition to the entangle-

ment density, the percentage of the crystallinity, crystal-

lite size and morphology in fibres structure are consid-

ered important parameters before drawing step, because,

the chains in the lamellar structure go under excessive

chain unfolding during the drawing to achieve perfect

chain extended structure [27]. It has been found that fac-

tors such as spinning speed significantly affects the

drawability and mechanical properties of UHMWPE

fibres [13,15,16,28]. Thus, it is essential to explore the

effect of spinning condition on fibre structure before

drawing step.

In the present study, we have employed the spinning

device as a capillary rheometer to investigate the rheo-

logical properties of a 2 wt% UHMWPE in paraffin oil

solution. In the second part of the work the extraction

equilibrium time was measured and for the first time, a

model was proposed for desorption behaviour of the

polymer/solvent system. In the last part, the effect of

processing conditions such as spinning speed, spinneret

geometry, and the temperature that fibre experiences

after leaving the die was investigated on fibre structure

(before hot drawing stage). 

EXPERIMENTAL

Materials and Methods

The UHMWPE powder (Mv = 4 ×106) was the primary

material used in this study. It was provided by

BAAF/Beijing Ever Grow Resources Co. Industrial

paraffin oil with a measured density of 0.82 g/cm3 and

industrial n-hexane were used as solvents.  

A glass beaker equipped with a PTFE magnet stirrer

was charged with 2 wt% UHMWPE and 98 wt% paraf-

fin oil and was heated with stirring to 180ºC. The beaker

and its contents were maintained at this temperature

under slow agitation for 4 h. At the end of this period,

the gel solution was fed into a spinneret having a single

capillary hole and was extruded under nitrogen gas pres-
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sure at 175ºC. The extruded gel solution filament was

quenched to a gel state by passage through a water bath

at 2ºC located at a distance of 20 cm below the spinning

die having at least 25 cm water, in depth. From the

quench bath the gel fibre moved into the extraction bath

containing n-hexane to extract and exchange the paraf-

fin oil as the liquid constituent of the gel fibre with

n-hexane as low boiling solvent. Later the low boiling

solvent was evaporated from fibre at room temperature.

Drying of the gel fibre was accompanied by substantial

shrinkage (about 75%) of lateral dimension of the fibre.

A Schematic representation of the spinning apparatus is

shown in Figure 1.

The following procedure was applied in order to

determine the extraction equilibrium. The fibres were

spun from a 0.3 mm diameter die and cut into pieces of

equal lengths. Each sample length was about 30 cm. The

samples of fibres were weighed and placed in the paraf-

fin/n-hexane solution for 5 s. Then, the sample was

taken out of the solution and set free for n-hexane to be

evaporated. The samples weights were measured at sev-

eral time intervals to ensure that no weight change has

occurred and n-hexane has been completely evaporated

from the fibres. Then, the fibres were put in the solution

again for another 5 s and the above procedure was

repeated until extraction reached equilibrium state. 

Differential thermal analysis (DTA) was used to

measure the melting temperature of the fibres. The DTA

measurements were carried out by PL-STA 1500 from

PL Thermal Sciences which was purged with argon gas

to provide an inert atmosphere during testing. The scan-

ning range was 25-180ºC.  X-ray analysis was used to

measure the crystallinity of fibres. Wide angle X-Ray

fibre patterns were obtained by employing MPD-X’Pert

diffractometer, Philips. The range of the X-ray scanning

angle 2θ was between 5-80°. The degree of crystallinity

(χ) was determined from eqn (1) as follows:

(1)

where, Ac and Aa are the areas of the crystalline and

amorphous regions in X-ray spectrum, respectively.

RESULTS AND DISCUSSION

Rheological Behaviour of the UHMWPE Gel 

Continuous production of the UHMWPE fibres by gel

spinning method requires pumping the gel solution

through the spinning die by metering pumps. The rheo-

logical behaviour of the fluid is one of the important fac-

tors affecting the spinning die design. The UHMWPE

gel solutions are non-Newtonian fluids and their rheo-

logical behaviour cannot be predicted by simple

Newtonian relationships. Thus, a suitable model should

be found for determining the gel rheological properties.
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Figure 1. Schematic representation of the spinning apparatus.
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In order to measure the shear rate-shear stress relation-

ship we used our experimental set up as a capillary

rheometer. Two dies were used with different diameters

(D = 0.55 and 0.9 mm) and the die length was 15 mm

for both.  

The spinneret was charged with a 2 wt% of the

UHMWPE gel solution at 175ºC. Nitrogen gas pressure

was used to pump the gel through the capillary die and

the flow rate was measured corresponding to the applied

pressure (∆P). By changing the pressure from 0.2 to

1 atm, the mass flow rates of the gel filament at 175ºC

were obtained for each die which the results are listed in

Table 1. A density of 0.73 g/cm3 was obtained for the

UHMWPE gel in paraffin at 175ºC by using the weight-

volume method. The apparent shear rate (   ) and the

apparent shear stress (τa) were calculated using eqns (2)

and (3), respectively [29] 

(2)

(3)

where, Q, D, and L are the flow rate corresponding to a

given pressure drop ∆P, the die diameter, and the length,

respectively. The true wall shear stress, τw, can be calcu-

lated using the following equation:

(4)

where, N is the Bagley correction factor for the entrance

effect. If there was no pressure drop due to the entrance

effect, the plot of ∆P versus L/D (Figure 2) would cross

over the origin. The deviation of this plot from the ori-

gin determines N at the specified shear rate. Values of N

obtained from Figure 2 are listed in Table 2. In this way

the true wall shear stress can be obtained using eqn (4).

The next step is to plot ln(τw) versus ln (  ). This plot is

called the apparent flow curve which is shown in

Figure 3. (Note that in this Figure ln (   ) is plotted ver-

sus ln(τw) since, here, τw is the independent variable).

The flow behaviour index, n´, was obtained from the

slope of this curve:
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τa
(Pa)

τw

(Pa)

0.55 mm die

0.2

0.4

0.6

0.8

1.0

0.010

0.032

0.065

0.117

0.177

616.45

1975.14

3987.19

7168.38

10825.12

183.3

366.7

550.0

733.3

916.7

124.90

240.02

340.30

417.60

478.20

0.9 mm die

0.2

0.4

0.6

0.8

0.104

0.231

0.474

0.760

1459.45

3235.10

6618.50

10619.80

300

600

900

1200

164.30

307.04

409.50

482.70

Table 1. Results of rheological measurements.

Table 2. Values of N obtained at different shear rates. 

Figure 2. The plots of ÄP vs. L/D for two dies (L/D=16.7, 27.3,
respectively) at different shear rates: (�) 2000, (�) 4000, (�)

6000, (�) 8000, (Ä) 10000, and (*)12000 s-1.
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N 12.87 17.58 20.64 22.79 24.38 25.61
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(6)

as indicated by Figure 3 there is a linear relationship

between lnτw and ln  . Therefore, power law model can

be used to model the rheological behaviour. In this

model, shear stress is defined as follows:   

(7)

where, n and k are power law index and consistency

index which are obtained from eqns (8) and (9).

n = n´                                                                     (8)

(9)

here, k´ is determined from the intercept of the apparent

flow curve. The values obtained for n and k are 0.49 and

4.88 Pa s0.6, respectively. Thus, at the specified temper-

ature and shear rate range (600-11000 s-1) power law

model can be used to predict viscosity as a function of

shear rate. In this model viscosity is obtained from eqn

(10).

(10)

Figure 4 shows the viscosity and shear stress predicted

by power law model as a function of shear rate. It is

obvious that the UHMWPE solution exhibits shear-thin-

ning behaviour and this result is consistent with the

report by Ohta et al. [25].

The Extraction Time

During the spinning process the cold gel fibre leaving

the water quench bath enters into the extraction bath to

exchange low boiling solvent such as n-hexane with the

high boiling solvent such as paraffin oil. In order to

determine the fibre residence time in the extraction bath

it was necessary to measure the extraction time, i.e., the

time needed for removal of the paraffin. The extraction

with second solvent was conducted in a manner that

replace the first solvent, i.e., paraffin in the fibre with

second solvent, i.e. n-hexane. Some swelling or shrink-

age of the fibre may occur during extraction process but

preferably no substantial dissolution, coagulation, or

precipitation of the polymer occured [14]. Preferred sec-

ond solvents are the non-flammable volatile solvents

having an atmospheric boiling point below 80ºC.

Several solvents of low boiling point can be used to

extract paraffin oil from the gel fibre. The shape of the

fibre cross-section depends on the boiling point of the

solvent [14]. Among these solvents, n-hexane with a

boiling point of 68ºC was preferred because of the safe-

ty features and its low cost. When the gel fibre contain-

ing about 98 wt% paraffin enters into the extraction

bath, paraffin is replaced by n-hexane and paraffin con-

centration increased in the extraction bath. The extrac-

tion equilibrium depends upon the concentration of
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Figure 3. The apparent flow curve of 2 wt% UHMWPE in
paraffin oil at 175°C. Note that in this figure ln (γa) versus ln
(τw) is plotted since τw is the independent variable.

Figure 4. Plots of viscosity and shear stress as a function of
shear rate predicted by power law model.
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paraffin in extraction bath. This is shown in Figure 5.

Solutions of n-hexane and paraffin with different con-

centrations were prepared and extraction time and the

amount of extracted paraffin from the fibres were meas-

ured according to the procedure described in

“Experimental”. The results are listed in Table 3. 

As it is shown in Figure 5 the fibre weight reaches a

plateau after a sharp change in the first 10 s. The extrac-

tion is completed in pure solvent in about 15 s. A negli-

gible change in extraction time and amount of equilibri-

um extraction is observed when the paraffin concentra-

tion in the extraction bath reaches 10 wt%. Further

increase in paraffin concentration to 20 wt% causes the

equilibrium extraction to be limited to 90 wt%. When

the concentration of paraffin in n-hexane reaches

30 wt%, the 62 wt% of paraffin could be extracted and

38 wt% will remain in the fibre in equilibrium state.

This means that in a continuous process of fibre produc-

tion, the extraction solvent should be continuously

replaced by pure solvent and paraffin should remain

lower than 10 wt% in the extraction bath.

Figure 6 shows the amount of remaining paraffin in

fibre after 15 s against paraffin concentration in n-

hexane. As it is demonstrated in Figure 6 the paraffin

concentration has a remarkable effect on the extraction

process. In Figure 6, concentration unit has been

changed to volume fraction (the weight of each compo-

nent is divided by its density). When paraffin concentra-

tion is about 27 vol% (30 wt%) in the extraction bath, 42

vol% (38 wt%) paraffin remains in the fibre after 15 s in

comparison to the pure state in which extraction is com-

pleted at the same extraction time. 

The desorption behaviour of paraffin in the UHMW-

PE fibres can be modelled by Flory-Huggins sorption

isotherm [26]. This type of sorption isotherm is pro-

posed for non-polar systems and arises when the inter-

actions between permeant molecules are stronger than

permeant/polymer interactions as in the case for paraf-

fin-UHMWPE system. The Flory-Huggins relationship

is as follows:

(11)

Where, a, φ1, and χ are the activity of the permeant, the

volume fraction of permeant in the polymer, and the

Flory-Huggins interaction parameter, respectively.

Thermodynamically, the activity of a component in a

solution is given by: 
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Figure 5. Effect of paraffin concentration on the extraction
time. (�) pure n-hexane, (�) 10%, (*) 20%, (�) 30%  paraffin
in n-hexane. 

Paraffin concentration Extraction (%)

0

10

20

30

100

97

90

62

Table 3. The amount of paraffin extraction in equilibrium state
as a function of paraffin concentration in the extraction bath.

Figure 6. The amount of remaining paraffin in fibre as a func-
tion of paraffin concentration in n-hexane after 15 s. Flory
Huggins Sorption Model (solid line), Experiment (�).
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where, x and γ are mole fraction and activity coefficient,

respectively. Then eqn (12) can be written as in the fol-

lowing form:

(13)

where, φ1 and φº2 are the volume fraction of paraffin in

n-hexane and the correlation factor (in fact         ),

respectively. Therefore, eqn (11) can be changed to eqn

(14) as follows:

(14)

where, φ1 is the volume fraction of paraffin in the fibre.

By fitting the experimental data on the proposed model,

the experimental values of φº2 and χ would be 0.35 and

0.6, respectively. In order to check the validity of this

approach χ was measured by other techniques. The

notion χ is a measure of the heat of mixing of solvent

molecules with polymer in a polymer solution and for a

non-polar system it can be estimated from eqn (15):

(15)

where, Vs is the molar volume of the solvent, i.e., paraf-

fin oil and δs and δp are the solubility parameters of the

solvent and polymer, respectively. For polyethylene δp

is 7.72 (cal/cm3)1/2 [30]. The value of solubility param-

eter for paraffin oil can be calculated by using eqn (16):

(16)

where, F is the molar attraction constant which has been

determined for different chemical groups [30]. V is the

molar volume, equal to Mn/ρ, where, Mn and ρ are the

molecular weight and density, respectively. Paraffin oil

is a mixture of linear as well as branched alkane mole-

cules with 12 to 15 carbons atoms [31]. Since, the pre-

cise determination of its structure is nearly impossible,

the paraffin oil structure was supposed to be composed

of 67% -CH2- units, 30% -CH3 units and 3%         units.

According to Small’s method [30] are given in Table 4.

Therefore, δs would be equal to 8.86 (cal/cm3)1/2 for

paraffin oil using eqn (16). Thus, by using eqn (15) χ is

found to be 0.58 which is in good agreement with the

experimental result, at least at low concentrations. This

finding confirms the validity of our approach using

Flory-Huggins isotherm.

The value obtained for χ verifies the fact that the

UHMWPE powder is insoluble in paraffin oil at room

temperature. Indeed, the temperature should be risen to

higher degrees than 110ºC for solubility to take place.

Structural Analysis

The drawn gel-spun fibres contain high percentage of

crystalline phase (about 80 %) [32]. The crystalline

structure is in orthorhombic form at ambient conditions.

Small amounts of non-orthorhombic phase have been

also observed, and being ascribed to triclinic or mono-

clinic crystals or to the ‘‘oriented mobile’’ phase with

crystal structure with higher mobility [33].

Although many papers have been published on the

crystalline structure of drawn fibres or films prepared

from gels, only a few reports have appeared dealing

with the structure of the precursor fibres before draw-

ing. The fibre structure and its morphology before draw-

ing process may determine drawability and hence the

mechanical properties of the fibre. 

The effect of die aspect ratio on fibre structure was

examined using a wide angle X-ray diffraction method. A

WAXS pattern of the undrawn filaments spun from two

dies with different diameters but the same spinning speed

is presented in Figure 7. The diffraction pattern displays

two broad distinct peaks at 21.5 and 24.2°. These are

identified as the 110 and 200 reflections of the

orthorhombic crystal structure of polyethylene. Also from

Figure 7 it is inferred that the smaller die (bigger aspect

ratio) increases the orientation of the UHMWPE chains

and therefore the smaller amorphous regions are

obtained. By changing the die diameter from 0.55 to 1.5

mm, the degree of crystallinity decreases from 20.5% to

17.4%.

Figure 8 presents the WAXS patterns of two fila-

ments obtained from the same die (1.5 mm in diameter)

at different spinning speeds. When the spinning speed

Gel Spinning Characteristics of Ultra-high Molecular...Maghsoud Z. et al.

369Iranian Polymer Journal / Volume 16 Number 6 (2007)

o
2

2

φ
φ

=a

 2

111

2

2 )1()1(lnln φ−χ+φ−+φ=
φ
φ
o

 2

ps
s )(

RT

V δ−δ=χ

 

V

F=δ

Group F V

-CH3

-CH2-

438

272

57

17.07

18.29

15.85

Table 4. Group contributions to F (V is the molar volume [30]).



increased from 31 to 47.5 cm/s, the crystallinity

increased from 17.4 to 40.6% (more than two folds of

the initial value). Therefore, the higher deformation

rates caused by increasing the spinning speed can lead to

more molecular alignment and higher degree of crys-

tallinity.  

It is concluded that the increase in the deformation

rate caused by decreasing the die diameter or increasing

the extrusion flow rate, increases the degree of crys-

tallinity. However, the effect of extrusion rate is more

significant than the die aspect ratio. Such results can be

explained by formation of a more molecular orientation

and a high proportion of chain extended shish crystals in

the shish-kebab structure [15,16]. In addition to the

change in crystallinity associated with deformation rate

during spinning, the structure evolution has been exam-

ined during consecutive steps (i.e., quenching and

extraction). Figure 9 shows DTA thermograms of

undrawn polyethylene filament that was recorded before

and after extraction and evaporation of low boiling sol-

vent n-hexane. Since, the gel filament consists of a large

amount of paraffin oil the melting peak is small with a

melting point at 118.5ºC. After paraffin extraction, the

area of the melting peak and the melting point increase

(Figure 9). This indicates that some crystallizations or

crystal growth and perfection take place during extrac-

tion that increases the melting point from 118.5 to

147ºC. The crystallization temperature of the extracted

fibres is 114ºC while the crystallization temperature of

the gel filament is about 100ºC. 

Crystallization of the fibre starts in the quenching

bath after the fibre leaves the die. To examine this mat-
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Figure 7. WAXS Patterns of the undrawn filaments spun from
two different dies, spinning speed: 31 cm/s.

Figure 8. WAXS Patterns of the undrawn filaments spun at
different spinning speeds.

Figure 9. DTA Heating thermograms of undrawn polyethyl-
ene filaments. Scan speed 10°C min-1. (A) before extraction
and (B) after extraction. 

Figure 10. WAXS Patterns of undrawn filaments spun under
different temperatures of the thermal zone.

(    ) 31 cm/s
(    ) 47.5 cm/s

(    )  Termal zone: 175°C
(    )  Termal zone: 25°C



ter more thoroughly, a thermal zone with temperature

control was installed between the die and the quench

bath. The temperature of the thermal zone was set on

175ºC to ensure that no crystallization occurs in this

region. Figure 10 shows the WAXS patterns of two fila-

ments spun at the same spinning conditions but at differ-

ent temperatures of thermal zone. The results show that

the temperature of the thermal zone has some effects on

the amount of crystallinity of the fibres, since by

increasing the thermal zone temperature from 25 to

175ºC the degree of crystallinity decreases from 40.6%

to 33.7%.  

CONCLUSION

The rheological behaviour of a UHMWPE gel was exam-

ined at 175ºC at deformation rates of 600-11000 s-1. The

obtained experimental data are in good agreement with

power law model with n and k equal to 0.49 and 4.88

Pas0.6, respectively. The amount of extracted paraffin

and time of extraction have been measured by changing

paraffin concentration in the extraction bath to estimate

the fibre residence time. It is found that extraction time

is not affected by the changes in concentration of extrac-

tion bath and within 15 s the extraction would reach

equilibrium state. In pure n-hexane, the paraffin was

completely extracted, while in a bath with 30 wt%

paraffin concentration an amount of 38 wt% paraffin

would remain in the fibre. The desorption behaviour of

paraffin/UHMWPE system is in accordance with the

Flory-Huggins sorption model proposed for non-polar

systems.

In order to elucidate some structural features of the

gel fibres, WAXS studies were performed. The results

showed that the deformation rate during spinning has an

important effect on the degree of crystallinity and orien-

tation. Deformation rate is controlled by die diameter

and spinning speed. By changing the die diameter from

0.55 to 1.5 mm, the degree of crystallinity decreases

from 20.5% to 17.4%, whereas, increasing the spinning

speed from 31 to 47.5 cm/s the fibre crystallinity

increases from 17.4 to 40.6%.

The DTA results indicated that some crystallizations

and/or crystal perfections occurred after extraction

process during evaporation of low boiling solvent, n-

hexane, which increased the melting point of the fibre

from 118.5 to 147ºC. The temperature of the thermal

zone between die exit and quenching bath was increased

from 25ºC to 175ºC (the spinning temperature) to ensure

that the temperature control at heating zone suppresses

the degree of crystallization beyond spinneret. 
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γ Activity coefficient     

Apparent shear rate

δp Polymer solubility parameter

δs Solvent solubility parameter 

η Shear viscosity

ρ Density

τa Apparent shear stress 

τw Wall shear stress 

φ1 Volume fraction of paraffin in the fibre

φ2 Volume fraction of paraffin in n-hexane

φ°2 Correlation factor

χ Flory-Huggins interaction parameter

a Activity

Aa Area of the amorphous region  

Ac Area of the crystalline region

D Die diameter  

F Molar attraction constant

k Consistency index

L Die length  

Mn Molecular weight

n Power law index 

N Bagly correction factor 

∆P Applied pressure

Q Volumetric flow rate

V Molar volume

Vs Molar volume of the solvent

x Mole Fraction
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