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Specification 
1. [Title of Invention] 

PRODUCTION METHOD OF HIGH 
STRENGTH, HIGH MODULUS CRYSTALLINE 
THERMOPLASTIC ARTICLE, AND FIBER AS NEW 
PRODUCT 
2. [Scope of Patent Claims] 

1. A method for producing a high strength, high 
modulus thermoplastic article of substantially unfixed 
length, the method comprising steps of:  

(a) forming a solution by dissolving a thermoplastic 
crystalline polymer selected from the group consisting of 
polyethylene, polypropylene, polyoxymethylene, 
polybutene-1, poly(vinyledene fluoride), and poly(4-
methylpentene-1) in a first non-volatile solvent at a first 
concentration represented in a polymer weight per unit 
first solvent weight, at which time, the weight average 
molecular length of the thermoplastic polymer is 7 x 104 
to 71 x 104 backbone atoms, and a solubility of the 
thermoplastic polymer in the first solvent at a first 
temperature is at least the first concentration;  

(b) extruding the solution through an aperture, at 
which time, the temperature of the solution is at the first 
temperature or greater upstream fiber of the aperture, and 
the solution is substantially at the first concentration both 
upstream fiber and downstream fiber of the aperture;  

 
 
 
(c) cooling the solution near and downstream fiber 

of the aperture from to a second temperature at or below 
a temperature at which a rubbery gel is formed to form a 
gel of a substantially unfixed length containing the first 
solvent; 

(d) using a second volatile solvent to extract the gel 
containing the first solvent by bringing such into contact 
for a time sufficient to form a gel containing the second 
solvent, at which time, the gel containing the second 
solvent contains substantially none of the first solvent 
and is of a substantially unfixed length; 

(e) drying the gel containing the second solvent to 
form a xerogel of substantially unfixed length that does 
not contain the first or second solvent; and 

(f) stretching at least one of 
(i) the gel containing the first solvent,  
(ii) the gel containing the second solvent and,  
(iii) the xerogel 

at a total stretch ratio that is 
(i) in the case of polyethylene, a stretch ratio 

sufficient to achieve a tenacity of at least 20 g/denier and 
a modulus of at least 600 g/denier, 

(ii) in the case of polypropylene, a stretch 
ratio sufficient to achieve a tenacity of at least 10 
g/denier and a modulus of at least 180 g/denier, 
and 

(iii) in the case of polyoxymethylene, 
polybutene-1, poly(vinylidene fluoride), or poly(4- 
methylpentene-1), a stretch ratio of at least 10:1. 
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2. The method according to claim 1 of the Scope 

of Patent Claims, wherein a cross-section of the 
aperture is substantially circular, the gel containing the 
first solvent and the gel containing the second solvent 
are each gel fibers, the xerogel is a xerogel fiber, and 
the thermoplastic article is a fiber. 

3. The method according to claim 1 or claim 2 of 
the Scope of Patent Claims, wherein the first 
temperature is 150°C to 250°C, the second 
temperature is -40°C to 40°C, a cooling rate from the 
first temperature and the second temperature is at least 
50°C/min, and the first solvent is a hydrocarbon. 

4. The method according to any of claim 1 to 
claim 3 of the Scope of Patent Claims, wherein a vapor 
pressure of the first solvent is less than 20 kPa at the 
first temperature, and the second solvent is non-
flammable and has an atmospheric boiling point less 
than 80°C. 

 
 
 
 
 
 
 

5. The method according to any of claim 1 to 
claim 4 of the Scope of Patent Claims, wherein an 
atmospheric boiling point of the second solvent is less 
than 50°C. 

6. The method according to any of claim 1 to 
claim 5 of the Scope of Patent Claims, wherein the 
stretching step (f) is conducted in at least two stages. 

7. The method according to any of claim 1 to 
claim 6 of the Scope of Patent Claims, wherein the 
thermoplastic crystalline polymer is polyethylene, and 
at least a portion of stretching is performed at a 
temperature of 120°C to 160°C. 

8. The method according to claim 7 of the Scope 
of Patent Claims, wherein the stretching is performed 
in at least two stages, and the final stage is performed 
at a temperature of 135°C to 150°C. 

9. A polyethylene fiber of substantially unfixed 
length, having a weight average molecular weight at 
least 500,000, a tenacity of at least 20 g/denier, a 
tensile modulus at least 500 g/denier, a creep value of 
no more than 5% (value measured at 10% of breaking 
load for 50 days at 23°C), a porosity of less than 10%, 
and a melting temperature of at least 147°C. 
 
 

 
 

10. The polyethylene fiber according to claim 9 of 
the Scope of Patent Claims, having a tenacity of at 
least 30 g/denier and a tensile modulus of at least 1000 
g/denier. 

11. The polyethylene fiber according to claim 9 or 
10 of the Scope of Patent Claims, having a tensile 
modulus of at least 1600 g/denier. 

12. The polyethylene fiber according to claim 11 
of the Scope of Patent Claims, having a tensile 
modulus of at least 2000 g/denier. 

13. The polyethylene fiber according to claim 9, 
claim 10, claim 11, or claim 12 of the Scope of Patent 
Claims, having a weight average molecular weight of 
2,000,000 to 8,000,000. 

14. A polyethylene fiber of substantially unfixed 
length, having a weight average molecular weight of 
1,000,000, a tensile modulus of at least 1600 g/denier, 
a melting point of at least 147°C, and an elongation-
to-break of not more than 5%. 

 

15. A polypropylene fiber of substantially unfixed 
length, having a weight average molecular weight at 
least 750,000, a tenacity of at least 8 g/denier, a tensile 
modulus of at least 160 g/denier, and a melting 
temperature of at least 168°C. 

16. The polypropylene fiber according to claim 15 
of the Scope of Patent Claims, having a tensile 
modulus of at least 220 g/denier. 

17. The polypropylene fiber according to claim 15 
or claim 16 of the Scope of Patent Claims, having a 
weight average molecular weight of 2,000,000 to 
8,000,000. 

18. A polyolefin gel fiber of substantially unfixed 
length, being 4 to 20 weight% solid polyethylene of a 
weight average molecular weight at least 500,000 or 
solid polypropylene of a weight average molecular 
weight of at least 750,000 and 80 to 90 weight% 
swelling solvent miscible with a high boiling point 
hydrocarbon and having an atmospheric boiling point 
less than 50°C.  
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3. [Detailed Description of Invention] 

The present invention relates to a crystalline 
thermoplastic article, such as a fiber or a film, that has 
high tenacity, high elastic modulus, and high 
toughness value and to a method for producing such 
that includes a gel intermediate. 

Methods for purifying high tenacity, high elastic 
modulus polyethylene fibers through progress from a 
dilute solution are taught in US Patent No. 4,137,394 
(Meihuizen (Meihuizen), et al., 1979 and US Patent 
Application Serial No. 225,288 (filed January 15, 
1981). 

Other methods relating to the preparation of high 
tenacity fibers are taught in various recent publications 
by P. Smith (P. Smith), A. J. Pennings (A. J. 
Pennings), and collaborating researchers. German 
Publication 3,004,699 (August 21, 1980) by Smith, et 
al. teaches a method for first dissolving polyethylene 
in a volatile solvent, forming a gel filament by 
spinning the solution into string and cooling, and 
performing stretching and drying simultaneously on 
the gel filament to form a desired fiber. 

 
 
 

UK Patent Application GB 2,051,667 A (P. Smith 
and P-J. Lemstra (P-J. Lemstra), January 21, 1981) 
discloses a method for spinning a polymer solution 
into string and stretching a filament at a stretch ratio 
relating to the polymer molecular weight and at a 
stretch temperature such that the elastic modulus of the 
filament at the used stretch ratio is at least 20 GPa. 
According to the indications in this application, 
stretching must be performed at the melting point of 
polyethylene or lower to obtain the high elastic 
modulus value needed. The stretch temperature is 
typically at most 135°C. 

Kalb (Kalb) and Pennings, Polymer Bulletin, vol. 
1, pp. 879-80 (1979) and Polymer, pp. 2584-90 (1980) 
as well as Smook (Smook), et al., Polymer Bull. Vol. 
2, pp. 775-83 (1980) teach about methods for forming 
a gel by dissolving polyethylene in a non-volatile 
solvent (paraffin oil) and cooling the solution to room 
temperature. The gel is cut into flakes, supplying these 
to an extruder, and spinning into a string to form a gel 
filament. This gel filament is extracted using hexane, 
paraffin oil is removed, vacuum drying is performed, 
and then stretching is performed to form the desired 
fiber.  

 
In the methods taught by Smook, et al. as well as 

Kalb and Pennings, the filaments were non-
homogenous and porous, and it was not possible to 
prepare unfixed length fibers by continuous stretching. 

The present invention encompasses methods for 
producing thermoplastic shaped articles (fibers, films, 
or the like) of substantially unfixed length, composed 
of the following steps: 

(a) forming a solution by dissolving a 
thermoplastic crystalline polymer selected from the 
group consisting of polyethylene, polypropylene, 
polyoxymethylene, polybutene-1, poly(vinyledene 
fluoride), and poly-4-methylpentene-1 in a first non-
volatile solvent at a first concentration (represented in 
a polymer weight per unit first solvent weight), at 
which time, the weight average molecular weight of 
the thermoplastic polymer is 7 x 104 to 80 x 104 
backbone atoms, and a solubility of the thermoplastic 
polymer in the first solvent at a first temperature is at 
least the first concentration;  

 
 
 
 
 
 
 
 

(b) extruding the solution through an aperture, at 
which time, the solution is at the first temperature or 
greater upstream fiber of the aperture and is 
substantially at the first concentration both upstream 
fiber and downstream fiber of the aperture;  

(c) cooling the solution adjacent to downstream 
fiber of the aperture from to a second temperature at 
or below a temperature at which a rubbery gel is 
formed to form a gel of a substantially unfixed length 
containing the first solvent; 

(d) using a second volatile solvent to extract the 
gel containing the first solvent for a sufficient contact 
time to form a gel containing the second solvent, 
containing substantially none of the first solvent and 
being of a substantially unfixed length; 

(e) drying the gel containing the second solvent to 
form a xerogel (xerogel) of substantially unfixed 
length that does not contain the first or second solvent; 
and 

(f) stretching at least one of 
(i) the gel containing the first solvent,  
(ii) the gel containing the second solvent and,  
(iii) the xerogel 

at a total stretch ratio that is 
(i) in the case of polyethylene, sufficient to 

achieve a tenacity (tenacity) of at least 20 g/denier and 
an elastic modulus of at least 180 g/denier, 
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(ii) in the case of polypropylene, sufficient to 
achieve a tenacity of at least 10 g/denier and an elastic 
modulus of at least 180 g/denier, and 

(iii) in the case of polyoxymethylene, 
polybutene-1, poly(vinylidene fluoride), or poly(4- 
methylpentene-1), at least 10:1. 

The present invention also encompasses a 
polyethylene fiber of substantially unfixed length, 
having a weight average molecular weight at least 
500,000, a tenacity of at least 20 g/denier, a tensile 
elastic modulus at least 500 g/denier, a creep value of 
no more than 5% (when measured at 10% of breaking 
load for 50 days at 23°C), a porosity of less than 10%, 
and a melting temperature of at least 147°C. 

The present invention also encompasses a 
polyethylene fiber of substantially unfixed length, 
having a weight average molecular weight of 
1,000,000, a tensile modulus of at least 1600 g/denier, 
a melting point of at least 147°C, and an elongation-
to-break of not more than 5%. 

 
 
 
 
 
 

The present invention also encompasses a 
polypropylene fiber of substantially unfixed length, 
having a weight average molecular weight at least 
750,000, a tenacity of at least 8 g/denier, a tensile 
elastic modulus of at least 160 g/denier, and a melting 
temperature of at least 168°C. 

The present invention also encompasses a 
polyolefin gel fiber of substantially unfixed length, 
being 4 to 20 weight% solid polyethylene of a weight 
average molecular weight at least 500,000 or solid 
polypropylene of a weight average molecular weight 
of at least 750,000 and 80 to 96 weight% swelling 
solvent miscible with a high boiling point hydrocarbon 
and having an atmospheric boiling point less than 
50°C. 

FIG. 1 is a graph plotting the tenacity value of 
polyethylene fibers prepared according examples 3 to 
99 of the present invention against a value calculated 
by the method shown in the examples. Numbers 
indicate overlapping points. 

FIG. 2 is a graph of values calculating the tenacity 
of polyethylene fibers prepared according to the 
present invention against as a function of polymer 
concentration and stretch ratio at a fixed temperature 
of 140°C. 

 

 
 

FIG. 3 is a graph of values calculating the tenacity 
of polyethylene fibers prepared according to the 
present invention against as a function of stretch 
temperature and stretch ratio at a fixed polymer 
concentration of 4%. 

FIG. 4 is a graph plotting the tenacity value of 
polyethylene fibers prepared according to the present 
invention against tensile modulus. 

FIG. 5 is an overview diagram of a first method 
aspect of the present invention. 

FIG. 6 is an overview diagram of a second method 
aspect of the present invention. 

FIG. 7 is an overview diagram of a third method 
aspect of the present invention. 

There is a wide variety of applications requiring 
highly load resistant elements with high tenacity, high 
modulus, high toughness, high dimensional stability 
and hydrolysis resistance, and high creep resistance 
under long-term loads. 

For example, marine ropes and cables such as 
mooring ropes used to secure large tankers to loading 
and unloading stations and cables used to moor an 
exploratory drilling platform to an anchor below the 
water surface are made of materials such as nylon, 

polyester, aramids (aramids), and copper, which are 
currently easily affected by hydrolysis and corrosive 
attacks from seawater. Accordingly, these mooring 
ropes and cables are produced while monitoring 
proper safety coefficients and are frequently replaced. 
Weight being extremely high and frequent 
replacement being required incur a significant 
operational and economic load. 

The fiber and film of the present invention have 
high tenacity, an outstandingly high modulus, and 
excellent toughness, have dimensional stability and 
hydrolytic stability, and have abundant creep 
resistance under long-term loads. 

The fiber and film of the present invention 
prepared according to the method of the present 
invention have all of these properties, which has not 
been achieved to this point, and accordingly, these are 
entirely novel and useful materials. 

Other applications of the fiber and film of the 
present invention include pressure vessels, hoses, 
hoses, power transmission belts, sports facilities, and 
automobile parts, and fortification of thermoplastic 
resins, thermosetting resins, elastomers, and concrete 
used in building construction and the like. 
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Compared to fibers of prior art prepared by Smith, 

Lemstra, and Pennings in German Patent Publication 
3,004,699, UK Patent 2,051,667, and other cited 
documents, the strongest fibers of the present 
invention have even higher melting points and even 
higher stickiness and have much larger moduli. 
Furthermore, the fibers of the present invention are 
more homogenous and have fewer pores than fibers of 
conventional art. 

Compared to German Patent Publication 
3,004,699 by Smith, et al., the method of the present 
invention has advantages in that it is possible to 
separate the steps of drying and stretching, and it is 
possible to carry out each step under its own optimal 
conditions, and thus adjustability and reliability are 
even more excellent. Smith and Lemstra describe in 
Polymer Bulletin, vol. 1, pp. 733-361 (1979) that when 
the stretch temperature is 143°C or lower, the 
relationship between tenacity or modulus and stretch 
ratio is not affected at all. As can be understood from 
the above, by keeping other factors constant and 
changing the stretch temperature, it is possible to 
partially adjust the properties of the fiber of the present 
invention. 

 
 
 
 
 
 
 
 
 

The advantages of the method of the present 
invention when compared to the methods taught in 
Smook, et al., Polymer Bulletin, Vol. 2, pp. 775-83 
(1980) and the papers by Kalb and Pennings above are 
that the spun intermediate gel fibers have a uniform 
concentration, which concentration is identical to the 
concentration of the polymer solution during 
preparation. Advantages of being uniform in this way 
are explained by the fact that the fiber of the present 
invention is a package of unfixed length when 
continuously pulled. Furthermore, in contrast to the 
porosity of the dried gel fibers taught by Smook, et al. 
and by Kalb and Jennings being 23 to 65%, the 
porosity of the intermediate xerogel fiber of the 
present invention less than 10 volume%, which is 
preferable. 

The crystalline polymer used in the present 
invention is a polyolefin such as polyethylene, 
polypropylene, or poly(methylpentene-1), or another 
polymer such as poly(oxymethylene) or 
poly(vinylidene fluoride). In the case of polyethylene, 
a favorable molecular weight (due to intrinsic 
viscosity) is 1 million to 10 million. This molecular 
weight corresponds to a weight average chain length 
of 3.6 x 104 to 3.6 x 105 monomer units or 7 x 104 to 
7.1 x 105 carbons. Other polyolefins and 
poly(haloolefins) must also have similar backbone 
carbon chain lengths. For polymers such as 
poly(oxymethylene), the total chain length is 
preferably in the same general range, that is, 7 x 104 to 
71 x 104 atoms, but this may be adjusted somewhat due 
to differences in bond angles between C-C-C and C-
O-C. 

 
The weight average molecular weight of 

polyethylene used is at least 500,000 (6 IV), preferably 
at least 1,000,000 (10 IV), and more preferably 
2,000,000 (16 IV) to 8,000,000 (42 IV). The weight 
average molecular weight of polypropylene used is at 
least 750,000 (5 IV), preferably at least 1,000,000 (6 
IV), more preferably at least 1,500,000 (9 IV) and 
most preferably between 2,000,000 (11 IV) and 
8,000,000 (33 IV). The IV numbers represent intrinsic 
viscosity of the polymer in decalin at 135°C. 

 
 
 
 
 
 
 
 
 
 
 

The first solvent must be non-volatile under the 
processing conditions. This is necessary in order to 
maintain the concentration of solvent upstream fiber 
and through the aperture (die) substantially constant 
and to prevent non-uniformity in liquid content of the 
gel fiber or film containing the first solvent. The vapor 
pressure of the first solvent is preferably be no more 
than 20 kPa (1/5 of an atmosphere) at 175°C, or at the 
first temperature. Preferred first solvents for 
hydrocarbon polymers are aliphatic and aromatic 
hydrocarbons of the desired non-volatility and 
solubility in the polymer. The polymer may be present 
in the first solvent at a first concentration which is 
selected from a relatively narrow range, for example, 
2 to 15 weight percent. The concentration range is 
preferably 4 to 10 weight percent and more preferably 
5 to 8 weight percent. However, once chosen, the 
concentration must not vary adjacent the die or at other 
locations prior to cooling to the second temperature. 
Furthermore, the concentration must remain 
substantially constant over time (that is, a time 
corresponding to the length of the fiber or film). 
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The first temperature is chosen such that the 

polymer completely dissolves in the first solvent. The 
first temperature is the minimum temperature at any 
point between where the solution is formed and the die 
face, and must be greater than the gelation temperature 
for the polymer in the solvent at the first concentration. 
For polyethylene present in paraffin oil at 5 to 15% 
concentration, the gelation temperature is 
approximately 100 to 130°C; therefore, a favorable 
first temperature is 180°C to 250°C, more preferably 
200 to 240°C. While the temperature is various 
temperatures equal to or greater than the first 
temperature at various points upstream fiber of the die 
face, excessive temperatures causative of polymer 
degradation must be avoided. To assure complete 
solubility, a first temperature is chosen whereat the 
solubility of the polymer exceeds the first 
concentration, and is typically at least 100% greater. 
The second temperature is chosen whereas the 
solubility of the polymer is much less than the first 
concentration. The solubility of the polymer in the first 
solvent at the second temperature is preferably no 
more than 1% of the first concentration. Cooling of the 
extruded polymer solution gel fiber from the first 
temperature to the second temperature must be 
performed at a rate sufficiently rapid to form a gel fiber 
which is of substantially the same polymer 
concentration as existed in the polymer solution. The 
rate at which the extruded polymer solution gel fiber 

is cooled from the first temperature to the second 
temperature must be at least 50°C per minute. 

Partial stretching during cooling to the second 
temperature is not excluded from the present 
invention, but the total stretching during this stage 
must not exceed 2:1 and is preferably no more than 
1.5:1. As a result of these factors, the gel fiber formed 
upon cooling to the second temperature is composed 
of a continuous net-shaped polymer highly swollen 
with solvent. The gel usually has regions of high 
polymer density and regions of low polymer density 
on a microscopic level but the solid polymer is 
generally free of large (500 nm or larger) voids. 

When an aperture having a circular cross section 
(or other cross section lacking a major axis in the plane 
perpendicular to the flow direction more than 8 times 
the smallest axis in the same plane, such as an oval, Y-
shaped, or X-shaped aperture) is used, then both gels 
will be gel fibers, the xerogel will be an xerogel fiber, 
and the final product will be a fiber. The diameter of 
the aperture is not critical, but a representative outer 
diameter (or other major axis) of the aperture is 0.25 
mm to 5 mm. The length of the aperture in the flow 
direction must be at least 10 times the aperture 
diameter (or other similar major axis), preferably at 
least 15 times and more preferably at least 20 times the 
diameter (or other similar major axis). 
 

 
When an aperture having a rectangular cross 

section is used, then both gels will be gel films, the 
xerogel will be a xerogel film, and the final product 
will be a film. The width and height of the aperture are 
not critical, but a representative aperture is 2.5 mm to 
2 mm in width (corresponding to film width) and 0.25 
mm to 5 mm in height (corresponding to film 
thickness). 

The depth of the aperture (in the flow direction) 
must normally be at least 10 times the height of the 
aperture, preferably at least 15 times the height and 
more preferably at least 20 times the height. 

Extraction using the second solvent is conducted 
such that the first solvent in the gel is replaced with the 
second solvent without significantly changing the gel 
structure. Some swelling or shrinkage of the gel may 
occur, but preferably the polymer does not 
substantially dissolve, coagulate, or precipitate. 

 
 
 
 
 
 
 

When the first solvent is a hydrocarbon, suitable 
second solvents include hydrocarbons, chlorinated 
hydrocarbons, chlorofluorinated hydrocarbons, and 
others, for example, pentane, hexane, heptane, 
toluene, methylene chloride, carbon tetrachloride, 
trichlorotrifluoroethane (TCTFE), diethyl ether, 
dioxane, and the like. 

The most suitable second solvents are methylene 
chloride (boiling point of 39.8°C) and TCFE (boiling 
point of 47.5°C). Favorable second solvents are non-
flammable volatile solvents having an atmospheric 
boiling point of 80°C or lower, more preferably 70°C 
or lower, and most preferably 50°C or lower. For 
extraction conditions, the first solvent must be 
removed until it is less than 1% of the total solvent in 
the gel. 

A preferred combination of conditions is a first 
temperature of 150°C to 250°C, a second temperature 
of -40°C to 40°C, and a cooling rate from the first 
temperature to the second temperature of at least 
50°C/minute. When the polymer is a polyolefin such 
as ultrahigh molecular weight polyethylene, the first 
solvent is preferably a hydrocarbon. The first solvent 
must be substantially non-volatile, one measure of 
which is that the vapor pressure thereof at the first 
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temperature is less than 1/5 of an atmosphere (20 kPa), 
and more preferably less than 2 kPa. 

 

In choosing the first and second solvents, the 
desired primary difference relates to the volatility 
above. It is also favorable that solubility of the 
polymer in the second solvent at 40°C be lower than 
the solubility in the first solvent at 150°C. 

Once the gel containing the second solvent is 
formed, it is then dried under conditions such that the 
second solvent is removed, and the solid network of 
polymer is left substantially intact. The material 
obtained by analogy to silica gels is called herein a 
“xerogel” (“xerogel”), which means a solid matrix 
corresponding to the solid matrix of a wet gel, with the 
liquid replaced by gas (for example, an inert gas such 
as nitrogen or by air). The term “xerogel” is not 
intended to mean any particular type of surface area, 
porosity, or pore size. 

When comparing the xerogel of the present 
invention to corresponding dried gel fibers prepared 

according to prior art, there are the following major 
structural differences. The dried xerogel of the present 
invention preferably contain less than ten volume 
percent pores compared to approximately 55 volumes 
in the Kalb and Pennings dried gel fibers and 
approximately 23 to 65 volumes in the Smook, et al. 
dried gel fibers. The xerogel fibers of the present 
invention have a surface area (by the B.E.T. technique) 
of less than 1 m2/g, as compared to 28.8 m2/g in a fiber 
prepared by the prior art method (see Comparative 
Example 1 and Example 2 below.) 
 
 
 
 
 
 
 

 
The xerogel fibers of the present invention are 

also novel compared to dry, unstretched fibers of UK 
Patent No. 2,051,667 and German Patent No. 3004699 
and related articles by Smith and Lemstra. This 
difference is evidenced by the deleterious effect of 
stretching at 75°C or below or at 135°C or above on 
the Smith and Lemstra unstretched fibers. In 
comparison, stretching of the xerogel fibers of the 
present invention show beneficial rather than 
deleterious effects at room temperature and at 135°C 
and above (for example, see Examples 540 to 542 
below). While the physical nature of these differences 
is not clear because of lack of information about Smith 
and Lemstra's unstretched fibers, it appears that one or 
more of the following characteristics of the present 
xerogel fibers must be lacking in Smith and Lemstra's 
unstretched fibers: (1) a crystalline orientation 
function less than 0.2, and preferably less than 0.1 as 
measured by wide angle X-ray diffraction; (2) 
microporosity less than 10% and preferably less than 
3%; (3) a crystallinity index (crystallinity index) see P. 
H. Hermans and A. Weidinger, Macromol-Chem, vol. 
44, p. 24 (1961)) as measured by wide angle X-ray 
diffraction of less than 80% and preferably less than 
75%; (4) no detectable fraction of the triclinic 
crystalline form; and (5) a fraction variation (fraction 
variation) of the spherulite size across a diameter of 
the fiber less than 0.25. 

Stretching of the gel fiber may be performed after 
cooling to the second temperature or during extraction 
or after extraction. Alternatively, stretching of the 
xerogel fiber or a combination of gel stretching and 
xerogel stretching may be performed. The stretching 
may be conducted in a single stage or in two or more 

stages. The first stage stretching is conducted at room 
temperature or at an elevated temperature. The 
stretching is preferably conducted in two or more 
stages, with the last of the stages being performed at a 
temperature of 120°C to 160°C, and the stretching is 
most preferably conducted in at least two stages, with 
the last of the stages being performed at a temperature 
of 135°C to 150°C. The Examples, and especially 
Examples 3 to 99 and 111 to 486, describe how the 
stretch ratios can be related to obtaining particular 
fiber properties. 

The product polyethylene fibers produced in the 
present invention are a novel article in that they 
include fibers having a unique combination of the 
following properties: a modulus at least 500 g/denier 
(preferably at least 1000 g/denier, more preferably at 
least 1600 g/denier, and most preferably at least 2000 
g/denier), a tenacity at least 20 g/denier (preferably at 
least 30 g/denier and more preferably at least 40 
g/denier), a melting temperature of at least 147°C 
(preferably at least 149°C), a porosity of no more than 
10% (preferably no more than 6%), and a creep value 
of no more than 5% (preferably no more than 3%) 
when measured a 10% of breaking load for 50 days at 
23°C. The fiber preferably has an elongation to break 
of at most 7%. In addition, the fibers have high 
toughness and uniformity. These additional properties 
can be measured as work to break (work to break), 
which is preferable at least 7.5 GJ/m3. Furthermore, as 
indicated in Examples 3 to 99 and 111 to 489 below, 
trade-offs between various properties can be made in 
a controlled fashion in the method of the present 
invention. 
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The novel polypropylene fibers of the present 

invention also include a unique combination of properties 
previously unachieved for polypropylene fibers: a 
tenacity of at least 8 g/denier (preferably at least 11 
g/denier and more preferably at least 13 g/denier), a 
tensile modulus at least 160 g/denier (preferably at least 
200 g/denier), a main melting temperature at least 168°C 
(preferably at least 170°C) and a porosity less than 10% 
(preferably no more than 5%). The polypropylene fibers 
preferably also have an elongation to break of less than 
20%. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Additionally, a novel class of fibers of the present 

invention are polypropylene fibers having a modulus of 
at least 200 g/denier, preferably at least 220 g/denier. 

The gel fibers containing the first solvent, gel fibers 
containing the second solvent, and xerogel fibers of the 
present invention are also novel produced articles 
distinguished from somewhat similar products described 
by Smook et al. and by Kalb and Pennings in that, 
compared to the volume porosities being 23% to 65%, 
they are of 10 or less. 

In particular, the second gel fibers differ from 
comparable prior art materials in that they have a solvent 
with an atmospheric boiling point less than 50°C. As 
indicated by Examples 100 to 108 below, the uniformity 
and cylindrical shape of the xerogel fibers improves 
progressively as the boiling point of the second solvent 
declines. As also indicated in Examples 100 to 108 (see 
Table III), substantially tenacity of the fibers are higher 
when using trichlorotrifluoroethane (boiling point 
47.5°C) as the second solvent than when using hexane 
(boiling point 68.7°C) as the second solvent under 
equivalent drying and stretching conditions. This 
improvement in final fibers should be directly attributed 
to the type of second solvent in the second gel fiber. 
Preferred such second solvents are halogenated 
hydrocarbons of the proper boiling point, for example, 
methylene chloride (dichloromethane) and 
trichlorotrifluoroethane, with the latter being most 
preferred. 
 

FIG. 5 illustrates in schematic form a first 
embodiment of the present invention, wherein a 
stretching step F is conducted in two stages on the 
xerogel fiber subsequent to a drying step E. In FIG. 5, 
a first mixing vessel 10 is illustrated, the vessel being 
fed an ultrahigh molecular weight polymer 11 such as 
polyethylene of a weight average molecular weight of 
at least 500,000 and preferably at least 1,000,000 and 
a relatively non-volatile solvent 12 such as paraffin oil. 
The first mixing vessel 10 is equipped with an agitator 
13. The residence time of the polymer and first solvent 
in the first mixing vessel 10 is a time sufficient to form 
a slurry containing some dissolved polymer and some 
relatively finely divided polymer particles, which 
slurry is removed in a pipe 14 to an intensive mixing 
vessel 15. The intensive mixing vessel 15 is equipped 
with helical agitator blades 16. The residence time and 
agitator speed in the intensive mixing vessel 15 are 
sufficient to convert the slurry into a solution. The 
temperature in the intensive mixing vessel 15, either 
because of external heating, heating of the slurry 14, 
heat generated by the intensive mixing, or a 
combination of the above, is sufficiently high that the 
polymer is completely dissolved in the solvent at the 
desired concentration (generally 6 to 10%). The 
solution from the intensive mixing vessel 15 is fed to 
an extrusion device 18. The extrusion device 18 has a 

barrel 19, and within the barrel is a screw 20 operated 
by a motor 22 to deliver the polymer solution at a 
reasonably high pressure to a gear pump and housing 
23 at a controlled flow rate. A motor 24 is provided to 
drive a gear pump 23 and extrude the polymer 
solution, still hot, through a spinneret 25. The 
spinneret 25 contains many apertures, which may be 
circular, X-shaped, or, oval-shaped, or in any of a 
variety of shapes having a relatively small major axis 
in the plane of the spinneret when it is desired to form 
fibers, and having a rectangular or other shape with an 
extended major axis in the plane of the spinneret when 
it is desired to form films. The temperatures of the 
solution in the mixing vessel 15, in the extrusion 
device 18, and at the spinneret 25 must all equal or 
exceed a first temperature (for example, 200°C) 
chosen to exceed the gelation temperature 
(approximately 100 to 130°C for polyethylene in 
paraffin oil). The temperature may vary (for example, 
220°C, 210°C, and 200°C) or may be constant (for 
example, 220°C) from the mixing vessel 15 to the 
extrusion device 18 to the spinneret 25. However, at 
all points, the concentration of polymer in the solution 
must be substantially the same. The number of 
apertures, and thus the number of fibers formed, is not 
critical, but convenient numbers of apertures are 16, 
120, or 240. 
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From the spinneret 25, the polymer solution gel 

fiber passes through an air gap (air gap) 27 optionally 
enclosed and filled with an inert gas such as nitrogen 
and optionally provided with a flow of gas to facilitate 
cooling. A plurality of gel fibers 28 containing the first 
solvent pass through the air gap 27 and into a quench 
bath 30 so as to cool the fibers, both in the air gap 27 
and in the quench bath 30, to a second temperature at 
which the solubility of the polymer in the first solvent 
is relatively low, such that most of the polymer 
precipitates as a gel material. While some stretching in 
the air gap 27 is permissible, it is preferably less than 
2:1, and it is more preferable that the stretch ratio is 
much lower. One would naturally feel that the hot gel 
fibers being substantially stretched within the air gap 
27 is extremely harmful to properties of the final fiber. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

It is preferred that the quench liquid in the quench 
bath 30 be water. While the second solvent may also 
be used as the quench fluid (and the quench bath 30 
may even be integral with a solvent extraction device 
37 described below), it has been found in limited 
testing that such method of modification impairs fiber 
properties.  

Rollers 31 and 32 in the quench bath 30 operate to 
feed the gel fiber through the quench bath, and 
preferably operate with little or no stretch. In the event 
that some stretching does occur across the rollers 31 
and 32, some first solvent exudes out of the fibers and 
can be collected as a top layer in the quench bath 30. 
From the quench bath 30, the cool first gel fibers 33 
pass to the solvent extraction device 37, where a 
second solvent having a relatively low boiling point, 
such as trichlorotrifluoroethane, is fed in through a 
pipe 38. The solvent outflow in pipe 40 contains the 
second solvent and substantially all of the first solvent 
brought in with the cool gel fibers 33, the first solvent 
being either dissolved or dispersed in the second 
solvent. Thus, second gel fibers 41 conducted out of 
the solvent extraction device 37 contain substantially 
only the second solvent, and relatively little of the first 
solvent. The second gel fibers 41 may have shrunk 
somewhat compared to the first gel fibers 33 but 
otherwise contain substantially the same polymer 
morphology. 
 

 
In a drying device 45, the second solvent is 

evaporated from the second gel fibers 41 forming 
substantially unstretched xerogel fibers 47, which are 
taken up on a spool 52.  

When it is desired to operate the stretching line at 
a slower feed rate than the take up of the spool 52 
permits the fibers are fed from the spool 52, or from a 
plurality of such spools, over a driven feed roll 54 and 
an idler roll 55 into a first heated tube 56, which may 
be rectangular, cylindrical, or another convenient 
shape. The tube 56 is heated sufficiently that the 
internal temperature to be is 120 to 140°C. The fibers 
are stretched at a relatively high draw ratio (for 
example, 10:1) so as to form partially stretched fibers, 
which are taken up by a driven roll 61 and an idler roll 
62. From the roll 61 and the idler roll 62, the fibers are 
taken through a second heated tube 63 that is heated so 
as to be at somewhat higher temperature, for example, 
130 to 160°C, and are then taken up by a driven take-
up roll 65 and an idler roll 66. The rolls are operated 
at a speed sufficient that the stretch ratio in the heated 
tube 63 is a desired stretch ratio, for example, 2.5:1. 

The twice stretched fibers 68 produced in this first 
embodiment are taken up on a take-up spool 72. 

With reference to the six process steps of the 
present invention, it can be seen that a solution 
forming step A is conducted in mixers 13 and 15. An 
extruding step B is conducted using devices 18 and 23, 
especially through the spinneret 25. A cooling step C 
is conducted in the air gap 27 and the quench bath 30. 
An extraction step D is conducted in the solvent 
extraction device 37. A drying step E is conducted in 
the drying device 45. A stretching step F is conducted 
in elements 52 to 72, especially the heated tubes 56 
and 63. However, various other parts of the system 
may also perform some stretching, even at 
temperatures substantially below those of the heated 
tubes 56 and 63. Thus, for example, some stretching 
(for example, 2:1) may occur within the quench bath 
30, within the solvent extraction device 37, within the 
drying device 45, or between the solvent extraction 
device 37 and the drying device 45. 
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A second embodiment of the present invention is 

illustrated in schematic form by FIG. 6. The solution 
forming and extruding steps A and B of the second 
embodiment are substantially the same as those in the 
first embodiment illustrated in FIG. 5. That is, the 
polymer and the first solvent are mixed in a first 
mixing vessel 10 and conducted as a slurry in the pipe 
14 to the intensive mixing device 15. The solution 
operates to form a first solution hot solution of the 
polymer. The extrusion device 18 impels the solution 
under pressure through the gear pump and housing 23 
and then through a plurality of apertures in spinneret 
27. Hot gel fibers 28 pass through the air gap 27 and 
the quench bath 30 so as to form cool first gel fibers 
33. 

 
 
 
 
 
 

The cool first gel fibers 33 are conducted over the 
driven roll 54 and the idler roll 55 through a heated 
tube 57. The heated tube 57, in general, is longer than 
the first heated tube 56 illustrated in FIG. 5. The length 
of the heated tube 57 compensates, in general, for the 
higher velocity of fibers 33 in the second embodiment 
of FIG. 6 compared to the velocity of xerogel fibers 
(47) between the take-up spool 52 and the heated tube 
56 in the first embodiment of FIG. 5. The fibers 33 are 
stretched through the heated tube 57 by a driven take-
up roll 59 and an idler roll 60, so as to cause a 
relatively high stretch ratio (for example, 10:1). 
Stretched first gel fibers 35 are conducted into the 
extraction device 37.  

In the extraction device 37, the first solvent is 
extracted out of the gel fibers by second solvent and 
the gel fibers 42 containing second solvent are 
conducted to a drying device 45. There, the second 
solvent is evaporated from the gel fibers, and stretched 
xerogel fibers 48 are taken up on the spool 52.  

 
 
Fibers on the spool 52 are then taken up by a 

driven feed roll 61 and an idler roll 62 and passed 
through a heated tube 63, which operates at relatively 
high temperature of 130 to 160°C. The fibers are taken 
up by driven take up roll 65 and idler roll 66 operating 
at a speed sufficient to impart a stretch in heated tube 
63 as desired, for example, 2.5:1. The twice-stretched 
fibers produced in the second embodiment are then 
taken up on the spool 72. 

It will be appreciated that, when comparing the 
embodiment of FIG. 6 with the embodiment of FIG. 5, 
the stretching step F has been divided into two parts, 
with the first part conducted in heated tube 57 
performed on the first gel fibers 33 prior to extraction 
(D) and drying (E), and the second part conducted in 
the heated tube 63, being conducted on xerogel fibers 
48 subsequent to drying (E). 

The third embodiment of the present invention is 
illustrated in FIG. 7, with the solution forming step A, 
extrusion step B, and cooling step C being 
substantially identical to the first embodiment of FIG. 
5 and the second embodiment of FIG. 6. Thus, the 
polymer and the first solvent are mixed in the first 

mixing vessel 10 and conducted as a slurry in the pipe 
14 to the intensive mixing device 15, which operates 
to form a first solution hot solution of the polymer. The 
extrusion device 18 impels the solution under pressure 
through the gear pump and the housing 23 and then 
through a plurality of apertures in the spinneret 27. The 
hot gel fibers 28 pass through the air gap 27 and the 
quench bath 30 so as to form cool first gel fibers 33.  

The cool first gel fibers 33 are conducted over the 
driven roll 54 and the idler roll 55 through the heated 
tube 57. The heated tube 57, in general, is longer than 
the first heated tube 56 illustrated in FIG. 5. The length 
of the heated tube 57 compensates, in general, for the 
higher velocity of the fibers 33 in the third 
embodiment of FIG. 7 compared to the velocity of the 
xerogel fibers 47 between the take-up spool 52 and the 
heated tube 56 in the first embodiment of FIG. 5. The 
first gel fibers 33 are now taken up by the driven roll 
61 and the idler roll 62, which is operated such that the 
stretch ratio in the heated tube 57 is as desired, for 
example, 10:1. 
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From the rolls 61 and 62, the once-drawn first gel 

fibers 35 are conducted into a heated tube 64 that is 
heated in a different manner and are stretched by the 
driven take-up roll 65 and the idler roll 66. The driven 
roll 65 is operated sufficiently fast to draw the fibers 
in the heated tube 64 at the desired stretch ratio, for 
example, 2.5:1. to match the speed of once-drawn gel 
fibers 35 coming off of rolls 61 and 62, the line speed 
in the heated tube 64 is a relatively high speed, and 
thus the heated tube 64 in the third embodiment of 
FIG. 7 will, in general, be longer than the heated tube 
63 in either the second embodiment of FIG. 6 or the 
first embodiment of FIG. 5. While the first solvent 
may exude from the fibers during stretching in the 
heated tubes 57 and 64 (collected at the exit of each 
tube), the first solvent is sufficiently non-volatile and 
thus does not evaporate in either of these heated tubes. 

The twice-stretched first gel fibers 36 are then 
conducted through the solvent extraction device 37, 
where the second volatile solvent extracts the first 
solvent out of the fibers. The second gel fibers, 
containing substantially only the second solvent, are 
then dried in the drying device 45, and the twice-
stretched fibers 70 are then taken up on the spool 72. 

It will be appreciated that, when comparing the 
third embodiment of FIG. 7 to the first two 
embodiments of FIGS. 5 and 6, the stretching step (F) 
is performed in the third embodiment, subsequent to 
the two stage cooling step C and prior to the solvent 
extracting step D. 

The method of the present invention will be 
further described by the examples below. In a first 
example, the prior art of Smook et. al. and the Kalb 
and Pennings articles are described. 
Comparative Example 1 

A glass vessel equipped with a PTFE paddle 
stirrer was charged with 5.0 wt% linear polyethylene 
(sold as Hercules UHMW 1900, 24 IV, approximately 
4 x 106 molecular weight), 94.5 wt% paraffin oil (J. T. 
Baker, 345 to 355 Saybolt viscosity) and 0.5 wt% 
antioxidant (sold under the trademark Ionol). 

The vessel was sealed under nitrogen pressure and 
heated to 150°C while agitating. The vessel and its 
contents were maintained under slow agitation for 48 
hours. At the end of this period, the solution was 
cooled to room temperature. The cooled solution 
separated into two phases. These are a mushy (mushy) 
liquid phase containing 0.43 wt% polyethylene and a 
rubbery gel phase containing 8.7 wt% polyethylene. 
The gel phase was collected, cut into pieces, and fed 
into a 2.5 cm (one inch) Sterling (Sterling) extruder 
equipped with a 21/1 L/D polyethylene-type screw. 
The extruder was operated at 10 RPM and 170°C and 
was equipped with a conical single hole spinning die 
of 1 cm inlet diameter, 1 mm exit diameter, and 6 cm 
length. 
 
 
 

 
The deformation and compression of the gel by 

the extruder screw caused exudation of paraffin oil 
from the gel. This liquid, being backed up in the 
extruder barrel, was mostly discharged from the 
hopper end of the extruder. At the exit end of the 
extruder, a gel fiber of approximately 0.7 mm diameter 
was collected at a rate of 1.6 m/min. The gel fiber 
contained 24 to 38 wt% polyethylene. The solid 
content of the gel fiber varied substantially with time. 

The paraffin oil was extracted from the extruded 
gel fiber using hexane, and the fiber was dried under 
vacuum at 50°C. The dried gel fiber had a density of 
0.326 g/cm3. Therefore, based on a density of 0.960 
for the polyethylene constituent, the gel fiber consisted 
of 73.2 volume percent voids. The result of 
measurement of pore volume using a mercury 
porosimeter was a pore volume of 2.58 cm3/g. A 
B.E.T. measurement of surface area gave a value of 

28.8 m2/g. 
The dried fiber was stretched in a nitrogen 

atmosphere within a hot tube of 1.5 meters length. 
Fiber feed speed was 2 cm/min. Tube temperature was 
100°C at the inlet, increasing to 150°C at the outlet. 

It was found that, because of filament non-
uniformity, when stretching at stretch ratios exceeding 
30/1 for periods exceeding 20 minutes, the filament 
broke, and it was not possible to continue.  

The properties of the fiber prepared at 30/1 stretch 
ratio were as follows 

Denier    99 
Tenacity    23 g/d (denier) 
Modulus    980 g/d 
Elongation at break 3% 
Work-to-break  6.5 x 109 J/m3 
     (6750 inch-lbs/cubic inch) 
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The following example describes the present 

invention
Example 2

An oil jacketed double helical (Helicone, 
HeliconeR) mixer constructed by Atlantic Research 
Corporation (Atlantic Research Corporation) was 
charged with 5.0 wt% linear polyethylene (Hercules 
UHMW 1900, 17 IV, approximately 2.5 x 106

molecular weight) and 94.5 wt% paraffin oil (J. T. 
Baker, 345 to 355 Saybolt viscosity). The charge was 
heated while agitating at 20 rpm to 200°C under 
nitrogen pressure over a period of two hours. After 
reaching 200°C, agitation was maintained for an 
additional two hours. 

The bottom discharge opening of the Helicone 
mixer was fitted with a single hole capillary spinning 
die of 2 mm diameter and 9.5 mm length. The 
temperature of the spinning die was maintained at 
200°C.

Nitrogen pressure applied to the mixer and 
rotation of the blades of the mixer were used to extrude 
the charge through the spinning die. The extruded 
uniform solution filament was quenched to a gel state 

by passage through a water bath located at a distance 
of 33 cm (13 inches) below the spinning die. The gel 
filament was wound up continuously on a 15.2 cm (6 
inch) diameter bobbin at the rate of 4.5 meters/min.

The bobbins of gel fiber were immersed in 
trichlorotrifluoroethane (fluorocarbon 113 or 
“TCTFE”) to exchange this solvent for paraffin oil as 
the liquid constituent of the gel. The gel fiber was 
unwound from the bobbins, and the fluorocarbon 
solvent was evaporated at 22 to 50°C.

The dried fiber was of 970±100 denier. The 
density of the fiber was determined to be 950 kg/m3 by 
the density gradient method. Therefore, based on a 
density of 960 kg/m3 for the polyethylene constituent, 
the dried fiber contained one volume percent voids. 
The result of a B.E.T. measurement of the surface area 
gave was less than 1 m2/g.

The dried gel fiber was fed at 2 cm/min into a hot 
tube blanketed with nitrogen and maintained at 100°C 
at its inlet and 140°C at its outlet. The fiber was 
stretched continuously at 45/1 within the hot tube for 
a period of three hours, but no fiber breakage occurred. 
The properties of the stretched fiber are as follows.

Denier    22.5
Tenacity    37.6 g/d
Modulus    1460 g/d
Elongation   4.1 %
Work-to-break  12.9 x 109 J/m3

    (12,900 inch-lbs/cubic inch)
Examples 3 to 99

A series of fiber samples was prepared following 
the procedures described in Example 2, but with 
variations introduced in the following material and 
method parameters.

a. Polyethylene IV (molecular weight)
b. Polymer gel concentration
c. Stretch temperature
d. Fiber denier
e. Stretch ratio

The experiment results relating to the final fiber 
properties obtained are shown in Table I. Intrinsic 
viscosity values of the polymer were 24 in Examples 
3 to 49 and 17 in Examples 50 to 99. The gel 
concentration was 2% in Examples 26 to 41, 4% in 
Examples 3 to 17, 5% in Examples 42 to 99 and 6% in 
Examples 18 to 25.

Table I

Ex
am

pl
e Stretch 

temp. Stretch 
ratio Denier

Tenacity Modulus
Elongation

Work-
to-break
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S58-5228 A (14) 

In order to determine the relationships of 
properties of the fiber to the method and material 
parameters, the data in Table I was subjected to 

statistical analysis by multiple linear regression. The 
regression equation obtained for fiber tenacity was as 
follows. 

Tenacity 
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where SR is stretch ratio
IV is polymer intrinsic viscosity in 

decalin at 135°C (dl/g)
C is polymer concentration in the gel, 

wt%, and
T is stretch temperature °C.

The statistics of the regression were:
Significance level = 99.9+%
Standard error of estimate = 3.0 g/d

A comparison between the observed tenacities 
and tenacities calculated from the regression equation 
is shown in FIG. 1.

FIGS. 2 and 3 are response surface contours for 
tenacity calculated from the regression equation on 
two important planes.

In the experiments of Examples 3 to 99, a 
correlation of modulus with spinning parameters was 
generally parallel to that of tenacity. A plot of fiber 
modulus versus tenacity is shown in FIG. 4.

It will be seen from the data, the regression 
equations, and the plots of the calculated and observed 
results that the method of the present invention enables 
substantial control to obtain desired fiber properties 
and that greater controllability and flexibility is 
obtained than by prior art methods.

Further, it should be noted that many of the fibers 
of these examples showed higher tenacities and/or 
modulus values than had been obtained by prior art 
methods. In the prior art methods of German Patent 
Publication No. 3,004,699 and UK Patent GB 
2,051,667 A, all fibers prepared had tenacities less 
than 3.0 GPa (35 g/d) and moduli less than 100 GPa 
(1181 g/d). In the case of the present invention, fiber 
examples Nos. 21, 67, 70, 73, 82, 84 and 88 exceeded 
both of these levels, and other fiber examples 
surpassed on one or the other property.

In the prior art publications of Pennings and 
coworkers, all fibers (prepared discontinuously) had 
moduli less than 121 GPa (1372 g/d). In the case of the 
present invention, continuous fiber examples No. 70, 
71, 73, 82, 83, 84, 88 and 99 surpassed this level.

The fiber of example 71 was further tested for 
resistance to creep at 23°C under a sustained load of 
10% of the breaking load. Creep is defined as follows.

where B(s) is the length of the test section immediately 
after application of load

A(s,t) is the length of the test section at time 
t after application of a load S

A and B are both functions of load, while A 
is also a function of time t.

For comparison, a commercial nylon tire cord (6 
denier, 9.6 g/d tenacity) and a polyethylene fiber 
prepared in accordance with US Patent Application 
Serial No. 225,288 (filed January 15, 1981) by surface 
growth and subsequent hot stretching (10 denier, 41.5 
g/d tenacity) were similarly tested for creep.

The results of these tests are shown in Table II.
Table II

Creep resistance at 23°C
Load 10% of breaking load

Creep%p

Creep

Time after 
applying 

load, days

Fiber of 
Example 71

Nylon tire cord 
for comparison

Polyethylene after 
surface growth 
and stretching

HONEYWELL Ex. 1009, Page 14 of 75 
HONEYWELL INTERNATIONAL INC. v. DSM IP ASSETS B.V.

IPR2024-00493



-139- 

S58-5228 A (15)

It will be seen that the fiber of Example 71 has 
1.4% creep in 50 days at 23°C under the sustained load 
equal to 10% of the breaking load. Commercial nylon 
tire cord for comparison and the surface grown 
polyethylene fiber had 5% creep under similar test 
conditions.

The melting temperatures and the porosities of the 

fibers of Examples 64, 70, and 71 were measured. 
Melting temperatures were measured using a DuPont 
990 differential scanning calorimeter. Samples were 
heated in an argon atmosphere at the rate of 10°C/min. 
Additionally, the melting temperature was determined 
for the starting polyethylene powder from which the 
fibers of Examples 64, 70, and 71 were prepared.

Porosities of the fibers were determined by 
measurements of their densities using the density 
gradient technique and comparison with the density of 
a compression molded plaque prepared from the same 
initial polyethylene powder (the density of the 
compression molded plaque was 960 kg/m3).

Porosity was calculated as follows.

Results were as follows.

The individual level and combination of properties 
exhibited by the fibers of Examples 64, 70, and 71, that 
is, a tenacity of at least 30 g/d, a modulus in excess of 
1000 g/d, and a creep (at 23°C and 10% of breaking 
load) of less than 3% in 50 days until a break at 7.5 
GJ/m3, melting temperature of at least 147°C, and 
porosity less than 10% appears not to have been 
attained heretofore.

The following Examples describe the effect of the 
second solvent upon fiber properties. 
Examples 100 to 108

Fiber samples were prepared as described in 
Example 2, but the following points were changed. 
The bottom discharge opening of the Helicone mixer 
was adapted to feed the polymer solution first to a gear 
pump and then to a single hole conical spinning die. 
The cross-section of the spinning die tapered 
uniformly at a 7.5° angle from an entrance diameter of 
10 mm to an exit diameter of 1 mm. The gear pump 
speed was set to deliver 5.84 cm3/min of polymer 
solution to the die. The extruded solution filament was 
quenched to a gel state by passage through a water bath 
located at a distance of 20 cm below the spinning die. 
The gel filament was taken up continuously on 
bobbins at a rate of 7.3 meters/min.

The bobbins of gel fiber were immersed in 
multiple different solvents at room temperature to
exchange with the paraffin oil as the liquid constituent 
of the gel. The solvents and their boiling points were 
as follows.

The solvent exchanged gel fibers were air dried at 
room temperature. After drying the gel fibers, 
transverse dimensions shrunk substantially in each 
case. Surprisingly, it was observed that the shape and 
surface texture of the xerogel fibers departed 
progressively from a smooth cylindrical form in 
approximate proportion to the boiling point of the 
ether had been dried was substantially cylindrical, 
whereas the fiber from which toluene had been dried 
was “C” shaped in cross-section.

y
Porosity fiber density

Material

Polyethylene powder

Fiber of Example 64

Fiber of Example 70

Fiber of Example 71

Melting point Fiber density Porosity

Boiling pointSolvent

Diethyl ether

n-Pentane

Methylene fluoride

Trichlorotrifluoroethane

n-Hexane

n-Heptane

Carbon tetrachloride

Dioxane

Toluene
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The xerogel fibers prepared using TCTFE and n-

hexane as second solvents were further compared by 
stretching each at 130°C, incrementally increasing 
stretch ratio until fiber breakage occurred. The tensile 
properties of the resulting fibers are as shown in Table 
III.

The xerogel fiber prepared using TCTFE as the 
second solvent can be stretched continuously to a 
stretch ratio of 49/1, whereas the xerogel fiber 
prepared using n-hexane could be stretched 
continuously only to a stretch ratio of 33/1. At 
maximum stretch ratio, the stretched fiber prepared 
using TCTFE second solvent was of 39.8 g/d tenacity, 
1580 g/d modulus, and 9.6 G/m3 work to break. This 
compares to 32.0 g/d tenacity and 1140 g/d modulus 
obtained using n-hexane as the second solvent.

Table III
Properties of xerogel fiber stretched at 130°C

Feed rate: 2.0 cm/min

Example 110

Following the procedures of Examples 3 to 99, an 
8 wt% solution of isotactic polypropylene of 12.8 
intrinsic viscosity (in decalin at 135°C), 
approximately 2.1 x 106 molecular weight was 
prepared in paraffin oil at 200°C. A gel fiber was spun 
at 6.1 meters/min. The paraffin oil was solvent 
exchanged with TCTFE and the gel fiber dried at room 
temperature. The dried fiber was stretched to 25/1 at a 
feed roll speed of 2 cm/min. Stretching was conducted 
in a continuous manner for one hour at 160°C.

Fiber properties were as follows.
Denier   105
Tenacity   9.6 g/d
Modulus   164 g/d
Elongation  11.5%
Work-to-break 9.2 x 109 J/m3 (9280 inch-

lbs/cubic inch)
Examples 111 to 486

A series of xerogel fiber samples was prepared as 
in Example 2, but a gear pump was used to control 
melt flow rate. Various changes were introduced in the 
following material and process parameters.

a. Polyethylene IV (molecular weight)
b. Polymer gel concentration 
c. Die exit diameter 

d. Die included angle (conical orifice) 
e. Spinning temperature 
f. Melt flow rate 
g. Distance to quench 
h. Gel fiber take-up velocity 
i. Xerogel fiber denier
Each of the xerogel fiber samples prepared was 

stretched in a hot tube of 1.5 meter length blanketed 
with nitrogen and maintained at 100°C at the fiber inlet 
and 140°C at the fiber outlet. Fiber feed rate into the 
hot tube was 4 cm/min (under these conditions, the 
actual fiber temperature was within 1°C of the tube 
temperature at distances 15 cm from the inlet). Each 
sample was stretched continuously at a series of 
increasing stretch ratios. The independent variables for 
these experiments are summarized below.p

Example
Stretch 

ratio

Tenacity Modulus

Second solution

Work-to-
break 

%

-Examples

-Examples

Polymer intrinsic viscosity
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-Examples

-Examples

-Examples

-Examples

Gen concentration

Inches Millimeters

Inches Millimeters

Examples

-Examples

-Examples

-Examples
Examples

-Examples

-Examples

-Examples

Examples

-Examples

-Examples

-Examples

-Examples

Die diameter

Spinning temperature

Die angle (degrees)

and

Solution flow rate (cm3/min)
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-Examples

-Examples

-Examples

ExamplesInches Millimeters

Distance to quench

Under all of the varied conditions, the take-up
velocity varied from 90 to 1621 cm/min, the
xerogel fiber denier from 98 to 1613, the stretch
ratio from 5 to 174, the tenacity from 9 to 46 
g/denier, the tensile modulus from 218 to 1700
g/denier and the elongation from 2.5 to 29.4%. 

The results of each Example producing a fiber
of at least 30 g/denier (2.5 GPa) tenacity or at least
1000 g/denier (85 GPa) modulus are shown in
Table IV.
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Table IV

Properties of stretched fiber
Example Xerogel fiber denier Stretch 

ratio
Tenacity Modulus Elongation Work-to-break

Example Xerogel fiber denier Stretch 
ratio

Tenacity Modulus Elongation Work-to-break
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Example Xerogel fiber denier Stretch 

ratio 
Tenacity Modulus Elongation Work-to-break

Example Xerogel fiber denier Stretch 
ratio

Tenacity Modulus Elongation Work-to-break
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Example Xerogel fiber denier Stretch 

ratio 
Tenacity Modulus Elongation Work-to-break

Example Xerogel fiber denier Stretch 
ratio

Tenacity Modulus Elongation Work-to-break
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Example Xerogel fiber denier Stretch 

ratio
Tenacity Modulus Elongation Work-to-break

Example Xerogel fiber denier Stretch 
ratio

Tenacity Modulus Elongation Work-to-break

HONEYWELL Ex. 1009, Page 22 of 75 
HONEYWELL INTERNATIONAL INC. v. DSM IP ASSETS B.V.

IPR2024-00493



-147- 

S58-5228 A (23)

In order to determine the relationships of the fiber 
properties to the process and material parameters, all 
of the data from Examples 111 to 486, including those 
Examples listed in Table IV, were subjected to 
statistical analysis by multiple linear regression. The 
regression equation obtained for fiber tenacity was as 
follows.

where: IV' =  (polymer IV, dL/g - 14.4)/3.1
C' = Gel concentration % - 6 
TM' = (spinning temperature °C - 200)/20

Q' = (spin flow rate cc/min - 4.38)/1.46
L' = (distance to quench, in -15)/9
DO'=1.4427 log (xerogel fiber denier/500)
SR = stretch ratio (xerogel fiber 

denier/stretched fiber denier)
DA' = (die angle ° - 7.5)/7.5
D' = (die exit diameter inches - 0.06)/0.02.

The statistics of the regression are as follows.
F ratio (26.346) = 69
Significance level = 99.9+%
Standard error estimate = 2.6 g/denier.
These effects in the vicinity of the center of the 

experimental space may be summarized by 
considering the magnitude of change in the factor 
which is required to increase tenacity of 1 g/d. The 
results thereof are given below.

Example Xerogel fiber denier Stretch 
ratio 

Tenacity Modulus Elongation Work-to-break

Tenacity
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Fiber tenacity increased by increasing polymer 
IV, increasing gel concentration, increasing spinning 
temperature, decreasing die diameter, decreasing 
distance to quench, decreasing xerogel fiber diameter, 
increasing stretch ratio, and 0° die angle (straight 
capillary).

It will be seen that the method of the present 
invention enables substantial control to obtain desired 
fiber properties and that greater controllability and 
flexibility is obtained than by prior art methods.

In these experiments, the effects of method 

parameters upon fiber modulus generally paralleled 
the effects of these variables upon tenacity. Fiber 
modulus was correlated with tenacity as follows.
Modulus g/d = 42 (tenacity g/d) - 258

Significance of the correlation between modulus 
and tenacity was 99.99%. The standard error estimate 
of the modulus was 107 g/d.

It must be noted that many of the fibers of these 
Examples show higher tenacities and/or higher 
modulus than had seen obtained by prior art methods.

The densities and porosities of several of the 
xerogel and stretched fibers were determined.

The porosities of these samples were substantially 
lower than in the prior art methods above. 
Examples 487 to 583

In the following Examples of multi-filament 
spinning and stretching, polymer solutions were 
prepared as in Example 2. The solutions were spun 
through a 16 hole spinning die using a gear pump to 
control solution flow rate. The apertures of the 
spinning die were straight capillaries of length-to-
diameter ratio of 25/1. In front of each capillary was a 
conical entry region of 60° included angle.

The multi-filament solution yarns were quenched 
to a gel state by passing through a water bath located 
at a short distance below the spinning die. The gel 
yarns were taken up on perforated dye tubes.
Examples 485 to 495

One stage “dry stretching” of multi-filament yarn
The taken up tubes of gel yarn were extracted 

using TCTFE in a large Soxhlet apparatus to exchange 
this solvent for paraffin oil as the liquid constituent of 
the gel. The gel fiber was untaken up from the tubes, 
and the TCTFE solvent was evaporated at room
temperature.

The dried xerogel yarns were stretched by passing 
the yarn over a low speed feed godet and idler roll, 
through a hot tube blanketed with nitrogen, and onto a 
second godet and idler roll driven at a higher speed. 
The stretched yarn was collected on a winder.

It was noted that some stretching of the yarn 
(approximately 2/1) occurred as it departed the feed 
godet and before it entered the hot tube. The overall 
stretch ratio, that is, the ratio of the surface speeds of 
the godets, is given below. 

In Examples 487 to 495, the diameter of each hole 
of the 16 filament spinning die was 0.040 inch (one 
millimeter) the spinning temperature was 220°C, the 
stretch temperature (in the hot tube) was 140°C and 
the feed roll speed during stretching was 4 cm/min. In 
Examples 487 to 490, the polymer IV was 17.5, and 
the gel concentration was 7 weight%. In Examples 491 
to 495, the polymer IV was 22.6. The gel concentration 
was 9 weight% in Example 491, 8 weight% in 
Examples 492 and 493, and 6 weight% in Examples 
494 and 495. The distance from the die face to the 
quench bath was 7.52 cm (3 inches) in Examples 487, 
488, 499, and 495 and 15.2 cm (6 inches) in Examples 
490 to 493. The other spinning conditions and the 
properties of the final yarns were as follows.

g

Factor

Concentration

Spin temperature

Spin rate

Die diameter

Die angle

Distance to quench

Xerogel fiber denier

Stretch ratio

Factor change required to increase 
tenacity by 1 g/d 

weight%

inches

degrees
inches

cc/min(saddle)

Xerogel fiber Stretched fiber

Example
Density Porosity Density Porosity
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Example Spinning rate
cc/min-filament 

Gel fiber take-up rate
cc/min 

Tenacity Modulus Elongation Work-to-breakDenierStretch 
ratio

Properties of yarn

HONEYWELL Ex. 1009, Page 25 of 75 
HONEYWELL INTERNATIONAL INC. v. DSM IP ASSETS B.V.

IPR2024-00493



-150- 

S58-5228 A (26)
Examples 496 to 501

One stage “wet stretching” of multi-filament yarn
The taken up gel yarns still containing the paraffin 

oil were stretched by passing the yarn over a slow 
speed feed godet and idler roll, through a hot tube 
blanketed with nitrogen, and onto a second godet and 
idler roll driven at high speed. It was noted that some 
stretching of the yarn (approximately 2/1) occurred as 
it departed the feed godet and before it entered the hot 
tube. The overall stretch ratio, that is, the ratio of the 
surface speeds of the godets, is given below. The 
stretching caused substantially no evaporation of the 
paraffin oil (the vapor pressure of the paraffin oil is 
0.001 atmospheres at 149°C). However, half of the 
paraffin oil content of the gel yarns was exuded during 
stretching. The stretched gel yarns were extracted with 
TCTFE in a Soxhlet apparatus, then untaken up and 
dried at room temperature.

In each of the Examples 496 to 501, the spinning 
temperatures was 220°C, the gel concentration was 6 
weight% the distance from the spinning die to the 
water quench was 7.6 cm (3 inches).

In Examples 496 and 499 to 501, the diameter of 

each hole of the spinning die was 0.1 cm (0.040 
inches). In Examples 497 and 498, the hole diameters 
were 0.075 cm (0.030 inches). In Examples 496 and 
494 to 501, the polymer IV was 17.5°C. In Examples 
497 and 498 the polymer IV was 22.6. The other 
spinning conditions and properties of the final yarns 
were as follows.

Example Spinning rate
cc/min-filament 

Gel fiber 
take-up rate

cm/min
Tenacity Modulus Elongation Work-to-breakDenierStretch 

ratio

Properties of yarn

Stretch 
temp. 
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Examples 502 to 533

In the following Examples, a comparison is made 
between alternative two stage modes of stretching the same 
initial batch of yarn. All stretching was done in a hot tube 
blanketed with nitrogen.
Example 502

Gel yarn preparation
The gel yarn was prepared from a 6 weight% solution 

of 22.6 IV polyethylene as in Example 2. The yarn was spun 
using a 16 hole x 0.075 cm (0.030 inch) die. Spinning 
temperature was 220°C, and spin rate was 1 cm3/min-
filament. Distance from the die face to the quench bath was 
3 inches (7.6 cm). Take-up speed was 308 cm/min. Nine 
rolls of 16 filament gel yarn was prepared. 

“Wet-wet” (“WET-WET”) stretching
In this mode, the gel yarn containing the paraffin oil 

was stretched twice. In the first stage, three of the rolls of 16 
filament gel yarns described in Example 502 above were 
combined and stretched together to prepare a 48 filament 
stretched gel yarn. The first stage stretching conditions were 
a stretch temperature of 120°C, a feed rate of 35 cm/min, and 
a stretch ratio 12/1. A small sample of the first stage 
stretched gel yarn was at this point extracted with TCTFE, 
dried and tested for tensile properties. The results are given 
below as Example 503.

The remainder of the first stage stretched gel yarn was 
re-stretched at a 1 m/min feed rate. Other second stage 
stretching conditions and physical properties of the stretched 
yarns are given below.

Example Second 
stage stretch 

temp. °C

Second stage 
stretch ratio Denier

Tenacity

Example Second 
stage stretch 

temp. °C

Second stage 
stretch ratio Denier

Tenacity

Example

Example

Modulus Elongation Work-to-
break

Melting 
point*

Modulus Elongation Work-to-
break

Melting 
point*

*Unstretched xerogel fibers melted at 138°C.

The measurement result of the density of the 
fiber of Example 515 was 980 kg/m3. The density 
of the fiber was therefore higher than the density 
of a compression molded plaque, and the porosity 
was substantially zero.
Examples 517 to 522 
“Wet-dry” (“WET-DRY”) stretching

In this mode, the gel yarn was stretched once, 
then extracted with TCTFE, dried, and stretched 
again.
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In the first stage, three of the rolls of 16 filament gel 

yarn described in Example 502 were combined and 
stretched together to prepare a 48 filament stretched gel 
yarn. The first stage stretching conditions were a stretch 
temperature of 120°C, a feed rate of 35 cm/min, and a 
stretch ratio of 12/1. The first stage stretched gel yarn 
was extracted with TCTFE in a Soxhlet apparatus, 
retaken up, and air dried at room temperature, then 
subjected to a second stage of stretching in the dry state 
at a feed rate of 1 m/min. Other second stage stretching 
conditions and physical properties of the stretched yarn 
are given below.

Example Modulus Elongation Work-to-break Melting point*ElasticDenier
Second 

stage stretch 
ratio

Second 
stage stretch 

temp. °C 
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Examples 523 to 533
“Dry-dry” (“DRY-DRY”) stretching

In this mode, the gel yarn described in Example 502 
was extracted with TCTFE, dried, then stretched in two 
stages. In the first stage, three of the rolls of 16 filament 
yarn were combined and stretched together to prepare a 48 
filament stretched xerogel yarn. The first stage stretching 
conditions were a stretch temperature of 120°C, a feed rate 
of 35 cm/min, and a stretch ratio of 10/1. The properties of 
the first stage stretched xerogel yarn are given as Example 
523 below. In the second stretch stage, the feed rate was 1 
m/min. Other second stage stretching conditions and 
physical properties of the stretched yarns are given below.

Example Modulus Elongation Work-to-break Melting point*TenacityDenier
Second 

stage stretch 
ratio 

Second 
stage stretch 

temp. °C
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The density of the fiber of Example 529 was 

measured to be 940 kg/m3. The porosity of the fiber 
was therefore 2%.
Examples 534 to 542

Multi-stage stretching of multi-filament yarn
In the following Examples, a comparison is made 

between two elevated temperature stretches and a 
three stage stretch with the first stage at room 
temperature. The same initial batch of polymer 
solution was used in these Examples.
Example 534

Unstretched gel yarn preparation
A 6 weight% solution of 22.6 IV polyethylene 

yarn was prepared as in Example 2. A 16 filament yarn 
was spun and taken up as in Example 502.
Example 535

Preparation of gel yarn stretched at room 
temperature

The unstretched gel yarn prepared as in Example 
534 was led continuously from a first godet which set 
the spinning take-up speed to a second godet operating 
at a surface speed of 616 cm/min. In 

Examples 540 to 542 only, the as-spun gel fiber was 
stretched at 2/1 at room temperature in-line with 
spinning. The once stretched gel fiber was taken up on 
tubes.
Examples 536 to 542

The 16 filament gel yarns prepared in Examples 
534 and 535 were stretched twice at elevated 
temperature. In the first of such operations, the gel 
yarns were fed at 35 cm/min into a hot tube blanketed 
with nitrogen and maintained at 120°C. In the second 
stage of elevated temperature stretching the gel yarns 
were fed at 1 m/min and were stretched at 150°C. 
Other stretching conditions and yarn properties are 
given below.

Example Modulus 
g/denier 

Elongation Work-to-breakTotal 
stretch ratio Denier

120°C
stretch 
ratio 

Room 
temperature 
stretch ratio

150°C
stretch 
ratio 

Tenacity 
g/denier 
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Examples 543 to 551

Polyethylene yarns of extremely large modulus
The highest experimental value reported for the 

modulus of a polyethylene fiber seems to be that from 
P. J. Barham (P. J. Barham) and A. Keller (A. Keller), 
J. Poly. Sci., Polymer Letters ed. 17, 591 (1979). The 
value 140 GPa (1587 g/d) was measured by a dynamic 
method (dynamic method) at 2.5 Hz and 0.06% strain 
and is thought to be higher than would be the value 
expected from a similar measurement made by 
A.S.T.M. Method D2101 "Tensile Properties of Single 
Man Made Fibers Taken from Yarns and Tows" or by 
A.S.T.M. Method D2256 "Breaking Load (Strength) 
and Elongation of Yarn by the Single Strand Method". 
The latter methods were used in obtaining the data 
reported below.

The following Examples describe the preparation 
of novel polyethylene yarns of modulus exceeding 
1600 g/d and in some cases of modulus exceeding 

2000 g/d. Such polyethylene fibers and yarns were 
heretofore unknown. In the following Examples all 
yarns were made from a 22.6 IV polyethylene, 6 
weight % solution prepared as in Example 2 and spun 
as in Example 502. All yarns were stretched in two 
stages. The first stage stretch was at a temperature of 
120°C. The second stage stretch was at a temperature 
of 150°C. Several 16 filament yarn ends combined 
during stretching. Stretching conditions and yarn 
properties are given below.

Example
cm/min cm/min

Stretch 
Ratio 1

Stretch 
Ratio 2

Number of 
Filaments

Modulus
g/denier 

Elongation Work-to-break

Feed - 1 Feed - 2
Tenacity
g/denier 

Wet - Wet

Wet - Dry
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A DTA analysis and density measurements were 

performed on the yarns of Examples 548 and 550. The 
results, displayed below, were reported by Smith and 
Lemstra in J. Mat. Sci., vol 15, 505 (1980). The broad 
single peaks at 145.5°C or less indicate two 
completely dissimilar, distinct melting points.

  
Examples 552 to 558

Polypropylene yarns of extremely large modulus
The highest reported experimental value for the 

modulus of a polypropylene material (fiber or other 
form) appears to be that from T. Williams (T. 
Williams), J. Mat. Sci., 6, 537 (1971). Their value 

relates to a solid state extruded billet and was 16.7 GPa 
(210 g/d). The following Examples describes the 
preparation of polypropylene continuous fibers with 
modulus exceeding 220 g/d and in some cases of 
modulus exceeding 250 g/d.

In the following Examples, all fibers were made 
from an 18 IV polypropylene, 6 weight % solution in 
paraffin oil prepared as in Example 2. In Examples 552 
to 556, the fibers were spun with a single hole conical 
die of 0.1 cm (0.040") exit diameter and 7.5% angle. 
Solution temperature was 220°C. A melt pump was 
used to control solution flow rate at 2.92 cm3/min. 
Distance from the die face to the water quench was 7.6 
cm (3 inches). The gel fibers were one stage wet 
stretched at 25 cm/min feed roll speed into a 1.5 m 
heated tube blanketed with nitrogen. The stretched 
fibers were extracted in TCTFE and air dried. Other 
spinning and stretching conditions as well as fiber 
properties are described below.

Example Take-up 
speed

Stretch 
Temp Stretch

ratio
Denier Tenacity Modulus Elongation Work-to-break

Gel fiber stretching

Example Melt Temp. Density % Porosity
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The fiber of Example 556 was determined by 

DTA to have a first melting temperature of 170 to 
171°C, with higher order melting temperatures of 
173°C, 179°C and 185°C. The melting point of this 
initial polymer was 166°C. The moduli of these fibers 
substantially exceed the highest previously reported 
values.

In Examples 557 and 558, the yarns were 
spun with a 16 hole x 1 mm (0.040 inch) capillary die. 
The solution temperature was 223°C, and the spinning 
rate was 2.5 cm3/min-filament. The distance from the 
die face to the water quench bath was 7.6 cm (3 inches). 
Take-up speed was 430 cm/min. The gel yarns were 
"wet-wet" stretched in two stages. The first stage 
stretching was at 140°C at a feed speed of 35 cm/min. 
The second stage stretching was at a temperature of 
169°C, a feed speed of 100 cm/min and a stretch ratio 
of 1.25/1. Other stretching conditions as well as fiber 
properties are given below.

The moduli of these yarns very substantially exceed 
the highest previously reported values.
4. (Brief Description of the Drawing)

FIG. 1 is a graphic view of the tenacities of 
polyethylene fibers prepared accordingly to Examples 
3-99 of the present invention versus calculated values 
therefore as indicated in the Examples. The numbers 
indicated multiple points.

FIG. 2 is a graphic view of the calculated 
tenacities of polyethylene fibers prepared according to 
the present invention as a function of polymer 
concentration and draw ratio at a constant temperature 
of 140°C.

FIG. 3 is a graphic view of the calculated 
tenacities of polyethylene fibers prepared according to 
the present invention as a function of draw 
temperature and draw (or stretch) ratio at a constant 
polymer concentration of 4%.
FIG. 4 is a graphic view of tenacity plotted against 
tensile modulus for polyethylene fibers prepared in 
accordance with the present invention.

FIG. 5 is a schematic view of a first process 
embodiment of the present invention.

FIG. 6 is a schematic view of the second process 
embodiment of the present invention.

FIG. 7 is a schematic view of a third process 
embodiment of the present invention.

Patent Applicant Allied Corporation

Patent Attorney YUASA, Kyozo
      (and 2 others)
    [ILLEGIBLE STAMP]

Example

First 
stretch 
ratio Denier

Tenacity Modulus Elongation Work-to-
break
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Procedural Amendment (Method)
[ILLEGIBLE] 10, 1982

Commissioner of Japan Patent Office  Kazuo Wakasugi
1. Indication of Case

Patent Application No. 73297 of 1982

2. Title of 

PRODUCTION METHOD OF HIGH STRENGTH, HIGH 
MODULUS CRYSTALLINE THERMOPLASTIC ARTICLE, 
AND FIBER AS NEW PRODUCT

3. Amending Party
Relation to Case  Applicant
Address

Name    Allied Corporation

4. Agent
Address 206 Shin-Otemachi Building 2-2-1 Otemachi, 

Chiyoda-ku, Tokyo-to
Name (2770) Patent Attorney: YUASA, Kyozo  

5. Date of Amendment Order  July 27, 1982 (mailing date)

6. Subject of Amendment
Delete descriptive text [ILLEGIBLE] proper drawings (FIGS. 2 and 3)

7. Content of Amendment
As attached

[Stamp: 
Approved]

[Stamp: Seal of 
Kyozo Yuasa, 

Patent Attorney]

[Stamp: Japan 
Patent Office

8/11/1982 
[ILLEGIBLE] 

Asakura]

Design
Inventionf 
Design
Invention
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DECLARATION OF TRANSLATOR

We, Eric Vance and Motomi To, hereby declare as follows:

1. We personally prepared the attached translation from Japanese into English

of the patent that is entitled “

” in Japanese and “PRODUCTION METHOD OF HIGH 

STRENGTH, HIGH MODULUS CRYSTALLINE THERMOPLASTIC ARTICLE, AND 

FIBER AS NEW PRODUCT “ in English (also attached). 

2. The attached translation is, to the best of our knowledge, a true, full

and accurate translation of the attached Japanese document. 

3. We are competent to perform this translation, because we have six

and one year of experience as professional Japanese-to-English patent translators. 

4. We declare under the penalty of perjury under the laws of the United States

that the foregoing is true and correct; and further declare that we are aware that willful 

false statements and the like so made are punishable by fine or imprisonment, or both,

under 1001 of Title 18 of the United States Code. 

Dated: /1 /2024

TRANSLATORS SIGNATURE

15 W. 37th Street 8th Floor 
New York, NY 10018 

212.581.8870
ParkIP.com
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