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Different Names

* HMPE (High modulus polyethylene)

 UHMWPE (Ultra high molecular weight polyethylene)
* UHMPE (Ultra high modulus polyethylene)

* HPPE (High performance polyethylene)

SEM image of HMPE

PE Chemical Formula
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Polyethylene structural formula
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PE molecular chains

Molecular structure compared to p-Aramids
* Aramid molecules have straight rod-like structure even before polymer
spinning into fiber;

* PE molecules are forced to have straight orientation in the fiber direction
during spinning/stretching.

Normal PE vs. HMPE

* Low molecular weight * Ultra-high molecular

e Shorter molecular weight
chains * Longer molecular

« The molecules are not chains
well-orientated and * To make strong fibers,
are easily torn apart the molecular chains

are stretched, oriented
and crystallised in the
direction of the fiber
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High modulus Regular
polyethylene polyethylene

Orientation >95% QOrientation low
Crystallinity >85% Crystallinity <60%

Unsuitability of melt spinning of HMPE

Spinning is difficult because of extremely high melt viscosity
Drawing is not efficient due to high entanglement of molecular chains

HMPE feedstock polymer for spinning

Flexible PE polymer has a very weak interaction between the molecular
chains

Only the Van der Waals forces are active

This interaction is so weak that for strong fibers, ultra-long chains with a high
overlap lengths are required.

Thus starting material for the high-performance polyethylene fibers is
polyethylene with an average molecular weight of one million or more

Gel Spinning

The molecules are dissolved in a solvent and spun through a spinneret.

In the solution the molecules become disentangled and remain in that state
after the solution is spun and cooled to give filaments.

The term ‘gel spinning’ derives its name from the gel-like appearance of the
dissolved polymer/solidified filament

Because of its low degree of entanglement, the gelspun material can be
drawn to a very high extent

As the fibre is superdrawn, a very high level of macromolecular orientation is
attained
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Gel spinning

Suspension 1. Extrusion of a solution of ultra
UHMW-PE high-molecular weight (1 million or
! higher) polyethylene

(") Metering pump

Continuous extrusion/solutions

Spinneret i
[ \\I/
2. Spinning of the solution, \\\‘ ); | le)
gelation and crystallization, |\ [ | | £
either by cooling and [ | |
extraction or by evaporation ‘ L—O ol
of the solvent —
3. Superdrawing (draw ratio 50-
100 times) and removal of the
remaining solvent
Solution (random coil) Fiber (oriented crystalline)
Super Drawing

HMPE is dissolved in a solvent and then spun through small orifices (spinneret).
Successively, the spun solution is solidified by cooling, which fixes a molecular
structure which contains a very low entanglement density of molecular chain. This
structure gives an extremely high draw ratio and results in extremely high strength. The
gel-like appearance of the solidified fiber is the origin of the name of this technology.
The highly drawn fiber contains an almost 100% crystalline structure with perfectly
arranged molecules, which promotes its extremely high strength, modulus and other
excellent properties.
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Key HMPE Properties

* High strength and high modulus with low density (<1, floats in water)

* Extremely high specific strength and specific modulus because of low
density

* Low melting point

* Hydrophobicity

* Biological inertness

Chemical Name Polyethylene
Short Form PE
Density [g/cm] 0,97

Melting Point (°C) 150
Main Trade Names  Dyneema (DSM)
Spectra (Honeywell)

Reasons for high strength

* Ultra high molecular weight (> 1 million) polymer
* Ultra high spinning draw ratio (50-100 times)

* High molecular chain orientation

* High crystallinity

Tenacity
Strength
(cN/dtex)
20 becccccnccscscsscncasssencsncsscasas
©
-1
<
11| SR Te— {2 .................. =
: B
Z s B
< 5 3 B
5 BB
v BERREE 2 -Qg’ . ]
A N =
" w
®




Av. Padre Santini, 10 | Jardim América | Sdo Leopoldo/RS | CEP 93035-280
Fone: 51.3588.4411 | Fax: 51.3588.4101 | www.csl.com.br ,,,CSL

Stress-Strain Curve

Tenacity vs. Modulus
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Tensile Modulus (cN/dtex)
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Specific Gravity

Density of Some Fibers

1 Dyneema® HMPE is the only
high performance
fiber that floats on
2 Carbon water (density
below 1.0 g/cm3)

Aramide

Density (g/cm?)

3 | Glass

Weight and volume saving

4
< HPPE
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Strength based on volume (GPa)

Specific modulus
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S (—
HPPE PBO The high specific modulus

< 3 is also relevant in ballistic
b protection. The  sonic
2 . . .
by velocity in the fiber
é P : Aramids determines the speed of
é \ Carbon sprgat.iing. energy on
s ) ballistic impact and the
&1 Polyamide sonic velocity is calculated
OE-glasg as the square root of the
specific modulus.
O Steel
0
0 50 100 150 200

Specific modulus (Nitex)

Free breaking length

Free breaking length is the
theoretical length at which a rope
breaks under its own weight

Aramid — 235 km

Carbon fibre —— 195 km

Glass ——135km
Polyester/Nylon _|_ g5 km

Steel —1—25km
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Chemical Stability

Table Resistance of fibres to various chemicals: 6
months immersed at ambient temperature

HPPE Aramid

Distilled water wEE wEE
Sea water wEE wEE
10% detergent ¥ ¥
Hydrochloric acid {(pH = 0) FEE ¥
Nitric acid {(pH = 1) FEE ¥
Glacial acetic acid BEF #EF
Ammonium hydroxide BEE **
Sodium hydroxide (pH > 14) ** ¥
Petl‘0| FTEE TEE
Kerosene wEE wEE
Toluene wEE *#
Trichloromethane BEF #EE

*¥%#% Unaffected **slightly affected * seriously
affected.

Resistance to acids and alkalis

HMPE is sensitive to oxidizing
media. In strongly oxidizing
media, fibres will lose strength
very fast.

100
HPPE in alkali
4 HPPE n acid T
- 80 + Alkali = 10%NaOH/95;C
= ] Acid = 40%HoS04/95;C
g
3 607
S
L
§ 40+ Aramid in alkali
@
4 ~_
\
20
4 Aramid in acid \\\___
Y t t 1
0 50 100 150 200
Time (hours)

pH Stability
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Excellent Chemical Stability (treat with 23 x 2000 hrs)

Hydrophobicity

* HMPE is not hygroscopic
* |t does not absorb water

Light Stability

Good Light Stability

1
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UV Resistance
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Contraction with Temp.

020
Plastic (FRP) reinforced with the following fibers
015 |
~ = Ay @ DFRP ; High strength polyethylene fiber(Dyneemas)
¢ 010 > A AGFRP ; Glass fiber
2 oos | A, & AIFRP ; Alumina fiber
a A ACFRP ; Carbon fiber
€ oo0 f & BAA A ||OZFRP ; Zylon fiber
o 0%
: -005 | o-e
2 010 | °
015 b oo ®
'0.20 r i i i
0 100 200 300
Tempe rature(K)

Toshihiro Kajima et al: Summary of lecture at Cryogenics - Superconductivity Society 245 (1991)
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Heat Conductivity

1.0000
I ® High strength polyethylene

— OM i £ i
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Fujishiro,H. et al.: Jpn J.Appl.Phys 5633(1997)

Electrical Properties

Polyethylene is an insulator and has no groups with dipole
character.

Volume Resistivity > 10'* Om
Very Low dielectric loss factor (2x10)™

* Low dielectric constant (2.2-2.5)
* As spun yarns contain a small fraction of spin oil of a
hydrophilic nature. So, for applications where the electrical

properties are important, the spin finish should be removed.

13
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Dielectric Constant of different materials

| Material ||.|in.||.|a.x. | Material |I|Iin.|lulax.

|Air |1 |1 |r-|1_.rI|:|n |3.4 |22.4

|Amber |2.ﬁ |2.? |F‘a|:|-er |1.5 |3

|Asnestus fiber |3.1 |4.5 |F‘arafﬁn |2 |3

|Elak&I'rte |5 |22 |F‘I&xiglass |2.E |3.5

|ElariumT'rtanate |1nu |125EI |F‘|:|r'_.r|:arb|:|nat& |2.9 |3.2

|Eleeswax |2.4 |2.5 |F‘|:|r5,reth'_.rlen& |2.5 |2.5

|C.ambriu: |4 |4 |F‘|:|r5,rim'u:|e |3.4 |3.5

|CarbunT&tracthride|2.1T |2.1T |Puh,rst-_.rrene |2.4 |3

|l:eIIuI|:|'u:| |4 |4 |F‘|:|rcelain |5 |5.5

|CelluluseAcetate |2.9 |4.5 |Cluartz |5 |5 The lower the value of the
|Dur-,tE |4.7 |5_1 |FlIJtmer |2 |4 dielectric constant, the greater
|Eb|:|n'rte |2.? |2.? |Rub'_.rr.'li|:a |5.4 |5.4 its resistance to the flow of an
|Ep|:|x'_.rl-'{esin |3.4 |3.? |S&I&nium |a |5 electrical current.
|Eth1_.rIAI|:|:|h|:|I |5.5 |25 |Shellac |2.9 |3.9

|Fiber |5 |5 |Siliu:|:|n& |3.2 |4.?

|F|:|rmiu:a |3.ﬁ |ﬁ |5Iate |? |T

|Glass |3.s |14.5 |5|:|i|-|:|rj,r |2.4 |2.9

|Glass Pyrex |4.ﬁ |5 |5teat'rte |5.2 |5.3

|Gutta Percha |2.4 |2.E |5tg,rrufuam |1.03 |1.n3

| solantte 61 |6 | Tefion 21 |24

| Keviar |35 |45 || [TtaniumDioxide 100 [100

| Lucite |25 |25 || [vaseine 216 |216

|r.'|i|:a |4 |9 |".-'in'_.rl'rte |2.T |T.5

|r.'|i|:artﬂ |3.2 |5.5 |Wﬂt&rdi3tilled |34 |?5

14
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Dielectric Strength

High dielectric strength

100.0

20.0

L . q .

= oo [P0 0%, X e’ The maximum electric field
E 00 | oAby A — strength that an insulating
o A A : .
2 ogon A AR AN A0 material can withstand
2 A & Hizh strenzth polvelhylere . . . o
¥ 500 e fiber (Dyneena®) intrinsically without
u% 400 ‘L A reinforced plastic . . .
o A A Glass fiber reinforced breaklng dOWh, le., WIthOUt
8 300 lastic . q 0 .
5 a0 i experiencing failure of its

100 insulatina properties

0.0

0 10 20 30

Mumber of Sparks
Nitta, T et al ‘Proc of MT-15 1159(1197)

Miscellaneous

Vibration damping
Dyneema® has excellent vibration damping characteristcs.

Insulation
Fundamentally a form of polyethylene, Dyneema® possesses the same
chemical properties, making it an outstanding insulator.

Environment

As indicated by its chemical formula -(CH2-CH2)n- Dyneema® is formed from
carbon(C) and hydrogen(H). Consequently, even if Dyneema® is burned all that
remains is water (H20) and carbon dioxide(CO2) and no harmful substances
are released.

15
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Coolness to Touch

Maximum Thermal The sensation of coldness
Flow Speeds g-max value | to touch for each material

2
(J,;T); sec) Dyneema® Polyester Cotton Nylon Rayon Hemp

0.05

0
)
S
2 0.0
a
v

0.00

Polyester

Cut Resistance

Comparison of resistance |8 Before washing
to cutting tool W After washing

15

10 frommmommm oo oo

INDEX

Cotton 100% aramid  Cotton/Dyneemase

Impact Strength & Energy Absorption

* Dyneema® SK60 has an extremely high impact strength.
* Extremely high amounts of energy absorption
* This property is utilized in products for:

ballistic protection,

cut-resistant gloves

helmets

Fatigue

16
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* Good fatigue resistance properties
e Carbon fibers may have high modulus but are brittle whereas HPPE is

flexible and has longer flex life
* In tension fatigue testing, a rope is repeatedly loaded in tension and

relaxation cycles
* In bending fatigue or flex-life testing, a loaded rope is moving over two or

three sheaves

Cycles to failure (x1000)

10000

T

1 000 4

Steel HPPE

Aramid

10

01

10 20 30 40 50
Breaking load (%)

Abrasion Resistance and Flex Life

Dyneema® has excellent abrasion and fatigue resistance. Due to its ability to be processed

easily. (weaving, knitting etc.), this leads to wide applications for industrial use.

Cycles at fatigue
breakage

Abrasion Resistance and Flex Life

D #brasion life
W Flex life

100000(

100000+
10000
1000+
100+
i3

1

Dyneena® SKG0

Carbon Arami de

17
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Biological Resistance & Toxicity

* HMPE is not sensitive to attach by micro-organisms
* HMPE is considered as biologically inert fiber
Suitable for medical applications

Thermal Properties

HMPE fiber has a melting point between 144°C and 152°C. The tenacity
and modulus decrease at higher temperatures but increase at sub-zero
temperatures. There is no brittle point found as low as -150°C, so the fiber can

be used between this temperature and 70°C.

Figure: Influence of temperature on Dyneema® fiber breaking strength.

Temperature (°C)

18
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Flame Retardance

* LOlindex lower than 20
* HMPE is thermoplastic, melts at about 150°C and decomposes over 300°C.
* Aramid fibres are thermosets, there is no melting point and gas emission
starts at about 400°C.
* Polyethylene contains only carbon and hydrogen and no nitrogen or other
hazardous chemical elements
Toxicity of the gases is relatively low

Compressive Yield Strength

In contrast to the high tensile strength, the gel-spun fibre has a low compressive
yield strength, approximately 0.1 N/tex.

Viscoelasticity

* Polyethylene is a viscoelastic material, i.e.
* Its tenacity, tensile modulus and elongation at break depend on the
temperature and the strain rate
* At high strain rates, or alternatively at low temperatures, both modulus and
strength are significantly higher
Important in ballistic protection

Creep

* The fibre is prone to creep;
* The deformation increases with loading time, resulting both in a lower
modulus and a higher strain at rupture
Important in ropes
* Creep is different in different fiber grades

Acoustic Properties

As with all mechanical properties, the acoustic properties are strongly
anisotropic. In the fibre direction, the sound speed is much higher (10 — 12x103
m/s) than in the transverse direction (2x103m/s).

19
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Summary of HMPE Properties

Water and chemicals
Moisture regain

Attack by water

Resistance to acids
Resistance to alkalis
Resistance to most chemicals
Resistance to UV light

Thermal

Melting point

Boiling water shrinkage

Thermal conductivity {along fibre axis)
Thermal expansion coefficient

Electrical

Resistance

Dielectric strength

Dielectric constant {22°C, 10 GHz}
Loss tangent

Mechanical

Axial tensile strength

Axial tensile modulus
Creep (22°C, 20% load}
Axial compressive strength
Axial compressive modulus
Transverse tensile strength
Transverse modulus

Iero
none
excellent
excellent
excellent
very good

144-155°C

<1%

20 WimkK

=12 x 107° per K

=10"Ohm
900 kv/icm
2.25

2 =10

3GPa
100 GPa

1= 1072 % per day

0.1GPa
100 GPa
0.03GPa
3GPa

ficg

ACL: ‘

Typical strength of human TyPical te
ligaments and tendons ofh
is 50 - 105 MPa is 120 -

20
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Applications: Ballistic Protection

Boats and Ships Aircraft

- .
s SN
Dyneema® offers the lightest strength-
to-weight ratio available

Dyneema® is buoyant, resistant to UV
exposure, and maintains ballistic
integrity when wet

Inserts made with Dyneema® offer 25 de with Dyneema® provide
ultimate stopping power at lighter maximum strength with minimum
weight " welght

Land Vehicles

When deploying tactical and utility
vehicles, Dyneema® is with you when
it matters

Helmets

s
7
Dyneema® in Helmets: Enhanced
protection without the weight

yneer re

, Improving flexibiing In

21
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Applications: Safety Gloves

Comfort vs. cut resistance: Why
s COMpPromise?

Dyneema® Diamond Aramid
Technology

Relative Heat Conductivity (W /mi<)

[
3
2
1 ]
Dyneema® Diamond Nylon Aramid
Technology

Relative diameter of varn required to achieve gloves
thatrated at EN288 cut level 2, T ANS! cut level 2.

fylon p-Aramid HIAPE vreema? Diamond
Technalogy

Applications: Ropes

22
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* High Strength
* Light Weight

Mooring ropes made with HMPE are used to secure ultra-large ships in the

250.000t and 300.000t class to the port, such as ore carriers, crude oil tankers,

LNG tankers. Also, that’s the rope used by tug boats.

Applications: Fishing line/Cord

30

Linear Strength Strength with Palomar Knot

m Dyneema®™SKys  mFluorocarbon Polyester braid
m Dyneema®™SK6s  m Nylon menofil

— ]

Strength (kg) =

W Delivering the perfect balance of strength
and weight, Dyneema® fiber is the ideal
material for today's revolutionary new sail
designs.

The sail of the century

With low stretch characteristics that let sails retain an optimal shape and a pure white
appearance that's resistant to abrasion, as well as chemicals, salt and UV rays. And
that's why the sails' useful service life exceeds that of other materials- exponentially.

23
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Applications: Nets

Applications: Fiber-reinforced cement (FRC) and Fiber-
reinforced plastic (FRP)

Applications: Unidirectional Laminates

Dyneema® Unidirectional (UD)
technology is a composite laminate
that provides excellent energy
absorption and enhance protection at

. : low weight.
Dyneema® fibers are layered in a criss-cross (0/90°) The energy from an impact to be
orientation to provide ultimate energy absorption distributed along the fibers much

faster and more evenly than
conventional, woven fabrics Dyneema® UD is ideal for personal protection
applications (vests, helmets, and inserts) and vehicle armor of all types (land,
air, and sea).

Dyneema Purity® SGX fiber: in Medtech

15 times stronger than steel,
*40% stronger than aramids on a weight-by-weight basis
+3 times stronger than polyester on a volume basis

24
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Dyneema Purity: Surgical Implants

High strength and high modulus
High pliability and softness

Lower profile with equivalent strength
Proven biocompatibility
Non-hemolytic

Cut resistant

Low friction coefficient

Dyneema Purity in Cardiovascular Application

« Dyneema Purity® fiber allows predictable
diameter throughout the entire length of the
balloon, ensuring complete inflation.

« Strongest fiber in the world with little to no
elongation.

+ Excellent biocompatibility, enforcing
non-compliance at high pressures while
maintaining a low profile for better navigation.

25
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Dyneema Purity in Ligament Repair

2 = Ny =
o

) N

Applications: Cargo Containers

Air Cargo Containers

Next-generation air containers made with
—— b Dyneema® are redefining air cargo
| Jeltame(. 4 operations for customers like Lufthansa and
. DoKaSch. Composite panels and fabrics
made from our flexible and ultra-
lightweight materials are contributing to
super-strong, durable containers that are
up to 50% lighter than metals - reducing
fuel and carbon emissions even further.

£0% less damage

L

B Aluminium Air m AirCargo Container
Securing your investment Cargo Contal ner with Dyneema™

26



Av. Padre Santini, 10 | Jardim América | Sdo Leopoldo/RS | CEP 93035-280
Fone: 51.3588.4411 | Fax: 51.3588.4101 | www.csl.com.br ”’CSL

References

1.Stein, H. L. (1998). Ultrahigh molecular weight polyethylenes (uhmwpe).
Engineered Materials Handbook, 2, 167-171.

2.D.W.S. Wong, W.M. Camirand, A.E. Pavlath J.M. Krochta, E.A. Baldwin, M.O.
Nisperos-Carriedo (Eds.), Development of edible coatings for minimally
processed fruits and vegetables. Edible coatings and films to improve
food quality, Technomic Publishing Company, Lancaster, PA (1994), pp.
65-88

3.Tong, Jin; Ma, Yunhai; Arnell, R.D.; Ren, Luquan (2006). "Free abrasive wear
behavior of UHMWPE composites filled with wollastonite fibers".
Composites Part A: Applied Science and Manufacturing 37: 38.

4.Budinski, Kenneth G. (1997). "Resistance to particle abrasion of selected
plastics". Wear. 203—-204: 302.

5.Steven M. Kurtz (2004). The UHMWRPE handbook: ultra-high molecular
weight polyethylene in total joint replacement. Academic Press.
ISBN 978-0-12-429851-4.

6. http://chemyq.com/En/xz/xz4/39468nvyng.htm

7.Hoechst: Annealing (Stress Relief) of Hostalen GUR

8. Tensile and creep properties of UHMWPE fibres.

9.A.J. Pennings, R.J. van der Hooft, A.R. Postema, W. Hoogsteen, and G. ten
Brinke (1986). "High-speed gel-spinning of ultra-high molecular weight
polyethylene". Polymer Bulletin 16 (2-3): 167—-174.
doi:10.1007/BF00955487

10. "Dyneema". BodyArmorNews.com.

11.  "Dyneema". Tote Systems Australia.

12.  Lightweight ballistic composites: Military and law-enforcement
applications. ed. A Bhatnagar, Honeywell International

13.  Monty Phan, Lou Dolinar (February 27, 2003). "Outfitting the Army of
One — Technology has given today's troops better vision, tougher body
armor, global tracking systems — and more comfortable underwear"
(Nassau and Queens edition ed.). Newsday. pp. B.06.

14.  Tom Moyer, Paul Tusting, Chris Harmston (2000). "Comparative Testing
of High Strength Cord" (PDF).

15. "Cord testing" (PDF).

16. UHMWPE Lexicon. Uhmwpe.org.

17. GHR® HMW-PE and VHMW-PE. ticona.com

18.  Cathodic Protection Cable Spreadsheet

21



