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SYNOPSIS
This research has been concerned with investigating stress
cracking phenomena which occur when thermoplastic polyurethanes
(TPU's) are immersed in seawater at low temperatures. The investigation was concerned with testing the following hypothesis:
a)
b)

that cracking of TPU was due to environmental stress cracking
(ESC) and/or
due to structure and morphology changes which occur during
the ageing period.

The combined effects of polyurethane chemical backbone, domain structure and crystallinity on stress cracking in TPU were studied.
Further, the i nves ti gati on concerned i tse If, ,with s tudyi ng, on stress
cracking, the effects of storage conditioning the TPU granules prior
to processing, the processing conditions and various postcuring
treatments of TPU.
Characterisation and analytical techniques employed to study
the structure of TPU's investigated consisted of thermal analysis
and X-ray diffraction. Molecular weight distribution was studied
by gel permeation chromatography and solution viscosity techniques.
Processing'was evaluated by melt flow index (MFI), injection moulding and extrusion.
A new accelerated ageing test for environmental stress cracking
has been developed which uses high pressures. Also, a new type of
ESC chemical class of reagent which relates the hydrogen bonding parameter of the ESC agent to that of the TPU's has been discovered and
a theory developed. A test method has been designed to measure, in
active environments, the existence of a critical strain for all the
TPU examined whether commercial or laboratory synthesised materials.
Results show that the stress cracking in TPU's is due to the
following events: (a) a large reduction in molecular weight due to
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the processing, and (b) the combined effects of aprlied stresses
and the hydrolysis of the polymer. Molecular weight reduction in
TPU's and their resistance to ESe was also found dependent on the
preconditioning history of unprocessed TPU granules, as well as
any postcuring operations applied to the processed materials.
It has been established that, the ESe resistance of TPU's

can be improved by (i) optimising processing conditions, (ii) by
insertion of slight crosslinking or by selecting certain types of
diisocyanates, specifically p~phenylene diisocyanate, and trans
1,4-cyclohexane diisocyanate.
A mechanism to explain ESe of TPU's inactive and mild environments is also proposed.
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CHAPTER 1
STRESS CRACKING IN THERMOPlASTI C POLYURETHANES
1.0

Introduction

Polyurethane is one of the polymer forming systems whi ch have
received increasingly commercial importance ever since their commercialisation took place over 20 years ago. Because of their versatility and outstanding properties, they are used in a wide variety
of applications. Commercially, they are available in a variety of
forms ranging from elastomers through thermoplastics to crosslinked
structures. l~ithin these classes polyurethanes can be made as fibre,
films, soft or rigid foam and cast or injection moulding. The bulk
of polyurethanes are still used for foams both rigid and flexible and
this consumes some 77% of total output, but- other areas are growing
rapidly. World-wide consumption of solid and microcellular polyurethane elastomers is expected to be about 190,000 tonnes per annum by
the end of this ye3r (1982). t4atching this growth in use of polyurethane elastomershas been the growth in knowledge of the structure of
these polymers and the factors which affect their physical properties.
Nearly all polyurethane elastomers of commercial significance are block
co-polymers which exist as a two phase material. Usually, polyurethanes
are prepared by reacting a small excess of diisocyanate \~ith a long chain
polyol to give a prepolymer. This prepolymer has terminal reactive isocyanate groups in its chain and these are then further reacted with chain
extender i.e. diol or diamine, to yield the final product. By selecting
a difunctional or trifunctional polyol, a linear or crosslinked polyurethane
can be obtained respectively. Thus, polyurethanes with a wide range of
properties can be achieved by varying the nature and ratio of reactants,
degree of branching, number of 'hydrogen' bonding and other intermolecular
forces.
Process i ng techno logy is quite differen to· compared to other polymers, since the polymer is first produced by reacting the diisocyanate,
polyol and chain extender, and subsequently processed to produce an end
product. An exception are thermoplastic polyurethanes. In order to
achieve better control of mixing, temperature and consequently the
properties of the product, sophisticated machinery and new methods have
been des i gned.
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The History of Polyurethanes
In 1945, at the end of the 1939-45 World War, BIOS* investigation teams visiting the German Chemical Industry discovered that
in 1937 Or Otto Bayer l (IG Farben Industrie) had made an elastomer
by reacting toluene diisocyanate with various polyols. This was
considered to be addition polymerisation of isocyanate and polyols.
Additionally, in 1940 Schlack 2 reacted polyesters containing terminal hydroxyl groups with isocyanates. A very active research programme was then initiated by IG Farben in areas of foam, adhesives
and coatings. These initial applications achieved a moderate degree
of commercial importance at that time, but they were not recognised
as important by the United States until after World War 11. The
first elastic isocyanate rubber was produced by Pintin 3 from
diisocyanate and a polyester obtained by condensing a glycol containing 4% of a triol, with adipic acid.
In the late 1940's, Bayer AG worked with Hennecke AG to produce
a continuous process for flexible foam and by 1953 they were offering
a comprehensive system covering· a Production machine,. technical information and chemicals. The chemicals offered were toluene diisocyanate (TOI), a polyester based on adipic acid and diethylene glycol,
and a third component containing water, catalyst and surfactants.
In 1955 Imperial Chemical Industries (ICI) marketed flexible foam
chemicals for use on either the Hennecke high pressure or the ICI
low pressure machine.
Development proceeded quickly and the advent of polyether in
America enabled foam to be made from cheaper resins. Since the
first rigid urethane foam, made by IG Farben during 1940-45, using
toluene diisocyanate had technical deficiencies and toxicity problems,
early in the 1950's ICI developed a low toxicity system. This was based
on di i socyanate di phenyl methane (~1DI) compos iti ons and the fi rs t
system using MOl and polyester resins was introduced with this isocyanate in 1959. Since, then advances in polyurethane technology have

*

BIOS:

British Intelligence Objective Sub-committee

3

been very rapid, until we now have high performance e1astomeric
urethanes, and fibres. Other forms of polyurethanes are cast and
injection moulded e1astomerics and thermoplastics with a wide
range of properties from the ultra soft polymer of about 10 Shore A
to the very hard 65 Shore D.

1.1

Fundamental Chemistry of Polyurethane

Polyurethane chemistry is based on the reaction of diisocyanate
with hydroxy end-tipped polyester or po1yether res·ins. Basically,
if an alcohol reacts with an isocyanate then a urethane is formed
- as shown in the following equation:
H 0

ROH + R1 NCO
a 1coho 1 i socyanate

I 11

+

R1- N-C-Q-R
urethane link

(1 )

This process utilises the propensity of an active hydrogen atom to
become attached to the nitrogen atom of the isocyanate as any side
product.
In a similar way if molecules containing two hydroxyl groups
react with molecules containing two isocyanate groups then a long
chain molecule i.e. linear polyurethane will be formed, equation 2:

2(O~~H) + 2(OC~~CO) + ~

hydroxyl end group
reactant

diisocyanate

R = intermediate alkyl or aryl groups

Linear polyurethane
(2)

Such a long chain linear polymeric material would be expected
to be thermoplastic in that it would be expected to soften above a
certain temperature and harden below it. The actual properties would
however be very dependent on the nature and arrangement of chemical
groups between the urethane links. Thus materials that are rubbery,
fibre-forming or conventionally thermoplastic could all be formed.
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If either the alcohol or the isocyanate contains more than two
hydroxyl groups or isocyanate groups then a more complicated situation arises as illustrated in Figure 1.1

+ OCN+ R ---t;;-- NCO
n

+

di i socyana te
(3 )

Polyfunctional hydroxyl
end groups reactant

1.

' R' represents alkyl or aryl groups

2.

'U' represents urethane 1i nkage

FIGURE 1.1:

Crosslinked network
of polyurethane elas~
tomer

Schematic Diagram showing Reaction of Polyfunctional
Hydroxyl End-tipped Reactant and Diisocyanate

From the above diagram it is obvious that some systems will form
crosslinks between chains, and results into an infusible, insoluble
network. As with the linear polymer the properties are affected by
the nature of other parts of molecules besides the hydroxyl and
isocyanate groups, and resultant material in bulk can be hard, soft,
rubbery or intermediate in stiffness. Properties may also be affected by intensity of crosslinking, functionality of reactants, distribution of functionality i.e. molecular weight between two hydroxyl
groups and molecular weight of prepolymer.
Usually when polyurethanes are formed the reaction is carried out
at some stage with excess of isocyanates which can then react in a
variety of ways. The primary and secondary reactions of isocyanate
with active hydrogen intermediates are listed in Table 1.1
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TABLE l.la·
Primary Reactions of Isocyanates with Active Hydrogen Intermediates
,--------------r-------------------------------------------~

Acti ve Hydrogen
Intermediates
Water

,

~ .~
R - N - C - OH

RNCO + H20

--+

RNH2

R'NCO R - N - C -N - R'

'\.
Isocyanate water

-------'.:....:.:=..0.

I

11

H

--+

RNH2 + C0 2t

I
H

0

(4)

Urea
Alcohol

Carboxylic
acid

RNCO + R'OH--+R-N-C-Q-R'
,
1
1I
alcohol
H 0
Urethane
RNCO + R'COOH

---+

R - N - C -.R' + CO 2
~

S

Amide

Ar.NCO + R"COOH
\

· d""
Aroma t lC
11S0-

(5)

(6)

Ca rbon di oxide gas
+ RJ-OJ-R + CO 2

-> AR-N-C-~-Ar
I 11 I

H0 H

cyanate

Anhydri de

Urea

(7)

Amine

RNCO + RNH2

---+

R- N- C- N- R

~

Primary
amine
RNCO + R,NH Secondary
amine

~

8

Urea

(8)

R- N- C- N- R

~

8

.2
I

(9)

6

TABLE 1.1 Q

Secondary Reaction of Isocyanates with Active Hydrogen Intermediates
Acti ve Hydrogen
Intermediates
(Product of the
primary reaction)

Reaction Mechanism

HO

A.

Urethane

0

11
RNCQ+R-N-C-OR+R-N-C-OR
I
C=O
I
N-H
I

Importance in
PU Chemi stry

"

~

Form at high temperature, very stable physical crosslink resulting in
high modulus material

(10)
Allophimate. 1 i nkage

B.

Urea

RNCO+R-N-C-N-R'

Forms at high temperature as wi th use
of catalyst

I 11 I

H 0 H

~ ~

Resulting high
tempera ture resi stance ma teri al.
High modulus.

+R-N-C-N-R'
I
C=O
I
N-H
Bi uret

~
C.

Amide

(11 )

R-NCOtR-~-n-R

H 0

,;

+R-N-C - R'
I
C-N - R'

d~

acyl urea linkage

( 12)

Application in surface coating paints
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1.1.1

Synthesis

The most widely used synthesis method utilises the fact
that stoichiometric efficiency between reactants proceeds with
100% efficiency. Hence, the reaction of diisocyanates and hydroxyl
groups is carried out using a selected molar ratio of NCO/OH to
produce a urethane of predetermined structure. As with other
chemical reactions, temperature, time, rate of mixing are very
important variables to control in order to achieve reproducible
and desired end product properties.
The most widely used techniques in the synthesis of a thermoplastic polyurethane is depicted in Figure 1.2.
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Preparation of Thermoplastics Polyurethanes (TPUs)
Reaction intermediates:
a) Diisocyanate OCN--(R)--NCO
b) Polyol
HO-(R)nDH
c) Chain extender OH--(R)nDH
Short chain glycol or
amine:
NH2--(R)n--NH2

Stoichiometric proportions

Prepolymer route

Pal yol

Di isocyanate

One Shot process

I

Pal yol

Prepolymer Chain extender

j

POLYMER

POLYMER

FIGURE 1.2:

I

D"
IIsocyana t e Ch·
am ex t en der

Schematic Representation of Preparation Techniques
for TPUs
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1.2

Structure and Properties of Polyurethanes

Elastomeric polyurethane block copolymers consist of alternating blocks of flexible segments of low glass transition temperature (often called "soft" blocks) and highly polar, relatively
rigid blocks. The soft blocks are exemplified by aliphatic polyesters and polyethers, such as poly (tetramethylene adipate) (PTt1A)
and poly (oxy tetramethylene) glycol. These have glass transition
temperatures below room temperature and they usually have low melting
points .or are amorphous and have molecular weights in the range of
600 to 3000.
The hard blocks are formed from isocyanates such as toluene
diisocyanate (TDI), diphenylmethane diisocyanate (MDI) with low
molecular weight chain extenders such as 1,4-butane diol or 3,3'dichloro 4,4'-diamino diphenylmethane (MOCA). The hard blocks can
constitute 30-50% by weight of the total polymer. Typical structures which result from the hard and soft segment combination is
shown in Figure 1.3.
hard segments
Stretching
direction

FIGURE 1.3:

4-~~----~soft

segments

Hard and Soft Segments in Polyurethane Elastomer

The microphase separation of these two dissimilar blocks produces regions of hard block domains which can act as physical crosslink points for the soft blocks, thus giving rise to the rubbery
nature of these polymers. This is a general phenomenon in block copolymers, a well known example is the styrene-butadiene-styrene
copolymers. It is obvious that properties will depend on the concentration of hard to soft blocks and size of these blocks.
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So far we have considered the physical structure of polyurethanes; the chemical structure of polyurethanes is quite
complex due to the fact that they may contain, as previousl~des
cribed, in addition to urethane and urea groups, other complex
groups such as ether, ester, amide, a11ophanate, biuret etc.
The urethane group is a highly polar group which is associated with a high energy of cohesion and is capable of forming hydrogen bonds. Typical hydrogen bonding will take place at ester-urethane, ether-urethane, and urethane-urethane linkages as shown in
Figure 1.4.
4

Seymour et a1 has concluded that essentially all the -NHgroups involved in hydrogen bonding in both po1yether and polyester
polyurethanes are derived from the diisocyanate and chain extender
elements. The degree to which this 'H' bonding contributes to the
physical properties of the polymer is uncertain. It is believed
that 'H' bonding decreases as temperature increases. However, it
is observed that at 200 0 e some 'H' bonding still exists. It was
found by Seymour4 ·that annealing history will cause some increase
in soft segment transition temperature from BOoe to 150oe. For
example, when a typical TPU polymer is heated, an endothermic peak
can often be observed in the DSC trace at BOoe which is attributed
to loss of long and short chain order. It is also observed that when
the size of the hard block is increased the heat distortion temperature
will increase; this may be due to increasing crysta11ite size. The
structural morphology can now be summarised:
1.

Due to the dissimilar nature of hard and soft blocks which are
parfly incompatible with each other, the elastomers show twophase morphology.

2.

Hydrogen bonding can occur between hard and soft blocks, although
its contribution to physical properties is not certain.

3.

'H' bonding occurs between individual hard blocks giving rise
to a three dimensional molecular domain structure.
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(a) Polymer chain
(b) Ester linkage
(c) Polyurethane linkage
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H
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(b) Ether linkage
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a

H
1
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C - N - R--HI

b

o

(j

11 _

I

•

0
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11

o

N -

R~

~

(a) Polymer chain
(b) Urethane linkage
FIGURE 1.4:

A Conceptual Representation of Hydrogen Bonding
Between Urethane and Other Chemically Active Groups
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4.

These domains may themselves form a large, ordered arrangement that includes both soft and hard blocks, the hard blocks
being built-up in a transverse orientation to their molecular
axis leading, in some cases, to the appearance of spherulites
in the polymers.

5.

The morpnology is unstable with respect to the temperature and
is dependent on both the chemical constitution and thermal
history of the polymer.

The structure of thermoplastic polyurethane is similar to those
of elastomeric polyurethanes, except that this is a completely linear
system. Because of hydrogen bonding, the polymer chain mobility is
restricted and thus also is their ability to organise extensively
into crystalline lattices. As a consequence, sub-ordered regions
result. Bonart 5 described these as 'para crystalline' regions.
Also, Van der Waals forces take place at all parts of the polymer
chain. The above phenomenon causespseudocrosslinkin~which is reversible at elevated temperatures. Since TPU crosslink exhibits a similar· behaviour to a rubber 'crosslink' at room temperature it shows,
superficially, the property of a rubbery vulcanisate. Thermal
stability of a thermoplastic urethane polymer is determined by the
melting point of·a hard segment and its crystallite size. (In turn
this is dependent on the size of the hard segment and an increase in
crystallite size reduces the thermal stability).
From the above discussion, it is quite clear that selection of
reactants, their rat·io and controlled manner of introduction, will
control the structure of polyurethanes. The effect of reactants on
properties of polyurethanes is discussed in the following section.
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1.2.1

Effect of polyol

The soft blocks in polyurethanes are derived from the polyol.
These exert the predominant influence on the elastic nature of the
material and also, its low temperature properties. There are two
major classes of polyols used in polyurethane synthesis.
1.
2.

Polyether - linear polyether with or without pendant chain.
Polyester
"
"
"
"
"
"
"

Selection of polyol depends on the requirement of the physical property of products. Polyethers, generally give elastomers having
a lower level of physical properties than the polyester based material, this is because of weak interchain attraction.
The following table 1.2 gives the energies of interaction between groups commonly present in polymeric materials.

Energy of Cohesion

Group
Hydrocarbon

-CH 2
-0.0
"
-C-O-

1

Ether/carbonyl

2.85
4.18/11.10

0

•

-C-O-

o11 HI

-C-N-

oD HI

-O-C-N-

TABLE 1.2:

kJ. mo 1e -1

Ester

12.10

Amide

35.30

Urethane

36.60

Cohesive Energy of Functional Groups
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As shown above, the presence of a polar group will increase the
energy of cohesion and thus increase the physical properties of
the material.
polyesters and po1yethers crystall ise on stretching due
to their structural regularity and this is thought to be an important
factor contributing to their high tensile strength. Low molecular
weight polyols or short sequence lengths of soft segments tend to
increase the concentration of urethane groups and consequently
polyurethanes with a greater degree of physical bonding and high
mechanical properties will be obtained. Any pendant group present
in the system will reduce the interchain packing and will result in
an inferior physical strength property.
Many

Po1yo1s based on ethers have better hydrolytic stability than
esters. This is because, the ether groups are more resistant to
hydrolytic attack than the ester group. Typical values are given
in the following Table 1.3.
TABLE 1.3
Effect of Macrog1yco1 on Hydrolysis Properties of Thermoplastic
Polyurethane
Hacrog1yco1
Po 1yethy1 ene adipate glycol
Po1yhexamethy1ene adipate
glycol
Po1yoxytetramethy1ene
glycol
Po 1yoxypropy1 ene 1 ,2,
glycol

Type

% Tensile Strength*
reta i ned on hydrolysis

Polyester
Polyester

40

Polyether

88

Po1yether

88

30

* 21 days in water at lOoe
Schollen, berger 6 et a1 investigated the effect of structure,
and molecular weight of et hers and esters based po1yo1s on the physical
properties of thermoplastics. They prepared urethane samples from the
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following macroglycols using 4,4'-diphenylmethane diisocyanate
and 1,4 butanediol using 1:2:1 molar ratio

A.
B.
C.

D.
E.

F.

Poly(ethylene adipate) glycol
x = 2 Ester
Poly(tetramethylene adipate) glycol
x = 4 Ester
Poly(hexamethylene adipate) glycol
x = 6 Ester
Poly(1,4 cyclohexyl dimethylene) glycol )
Ester
Poly(oxytetramethylene) glycol
Ether
HO--(CH 2 )4--(OCH 2 )4-n OH
Poly(oxypropylene 1,2) glycol
HO--(C~H-O)n

CH 3

Ether

--CH 2--CH-OH
CH 3

Schollenberger 6 found that polyurethane based on poly(tetramethylene adipate) glycol (B), gave the highest modulus, hardness and
processing temperature compared to open chain ester polyols (A,C).
Thi s effect was attri buted to structural regul arity of pO'lymer
based on B compared to the polymers based on A and C. When a polymer
is based on 'D' it results in greater modulus and hardness than polymers based on A, Band C. This is ascribed to the structure of the'
D polyol being a symmetrical cycloaliphatic. Also they confirmed
that ester based urethanes give higher strength properties compared
to ether based urethanes.
Seefried and coworkers 7 studied the effect of the molecular weight
of polyol on the physical properties of thermoplastic polyurethanes.
They found out that there is some optimum molecular weight value at
which the physical properties are highest. This effect was attributed
to the concentration of the urethane group of the low molecular weight
polyol tending to give a high concentration of urethane groups resulting
in high intermolecular forces which tends to increase the strength of
a polymer. Similarly, at higher molecular weights an adverse effect
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was observed, possibly due to the urethane groups no longer being
present at optimum concentration.
1.2.2

Effect of isocyanates

As mentioned earlier the diisocyanate component can exert a
significant influence on thermoplastic polyurethane (TPU) properties. Schollenberger studied the effect of isocyanate structure
on physical properties of TPU.
Table 1.4 shows the results obtained by Schollenberger6
TABLE 1.4
Effect of Diisocyanate Structure on the Physical Properties of
Some Thermoplastic Polyurethanes
Polymer

Diisocyanate

A

p-phenylene diisocyanate p-PDI
diphenylmethane-p,p'diisocyanate (MDI)
m-phenylene diisocyanate mPDI)
2,4 tolylene diisocyanate (TDI)

B

C
D

300%
Modulus
MPa

T2*
oC

26.2
37.9

23.45
13.1

152
134

62.0
26.65

9.65
2.48

152
67

Ultimate
Tens ile
St rength t1Pa

Components:

* T2

=

diisocyanate (2.50 mols), poly(tetramethylene adipate
glycol (1.00 mol), 1,4-bis (2-hydroxyethoxy) benzene
(1.50 mols)
processing temperature

The data of the table 1.4 show that the compact, rigid, symmetrical
p-phe~ylenediisocyanate molecule yields a polyurethane with a very
high modulus. Edgar and Hil1 8 show that the interchain attractive
forces in this polymer are great enough to render it insoluble in DMF.
MDI has a p-phenylene structure but it is flexible compared to p-PDI
due to its methylene bridge. This reflects its melting point and the
modulus of the polyurethane as shown in table 1.5.
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Seefried and co-workers 7 have characterised the mechanical
properties of a series of thermoplastic polyurethane e1astomers
composed of varying hard segment concentrations. The urethane
samples were prepared from po1ycapro1actone dio1s (PCD), MOl and
1,4 butane dio1 (BD).
A series of polymers were synthesised for
each of two po1ycapro1actone dio1s of ~In of 830 and 2100 respectively. For each series, the hard segment concentration was
changed by increasing the amount of t1DI and BD reacted relative to
PCD. They found out that increase in hard segment concentration
yielded an increase in hardness and tear value. Urethane based
on an 830 MD PCD exhibits a progressive increase in glass transition temperature at increased level of hard segments. In contrast,
a similar series of polymers prepared with a 2100 Hn PCD as soft
segment maintained a relatively constant glass transition temperature.
These differences were attributed to the relative degree of phase
separation between the constituent blocks of the .copo1ymer.

1.2.3 Effect of chain extender
As mentioned earlier the use of mixtures of glycols and macroglycols allows regulation of stiffness, hardness, and toughness in
polyurethanes. Scho~lenberger6 investigated the effect of glycol
structure on the properties of some thermoplastic polyurethanes.
He prepared the polyurethanes using different methylene group low
molecular weight glycols. The results are shown in Table 1.5.
He found out that 300% modulus values show an increase in value
as the number of methy1ene-(CH2 )-, in the glycol component increases
from two in ethylene glycol to four in tetramethy1ene glycol. The
modulus reaches an optimum value for tetramethy1ene glycol, then the
modulus value decreases for hexamethy1ene glycol and 1,4 bis
(B-hydroxy ethoxy) benzene. Again, he explained these properties of
tetramethy1ene glycol in terms of its unique structural regularity.
Whereas in the case of 1,4 bis (B-hydroxy ethoxy) benzene due to
its radial structure, higher modulus and hardness is obtained.
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Samson and Blaich 9 investigated the effects of diamine structure on properties of a polyoxytetramethylene diol/TDr elastomer
system. They observed a higher level of physical properties with
3,3'-di-chloro 4,4'-diamino diphenyl methane (MOCA). A major
disadvantage in the use of aromatic diamines lies in their suspected carcinogenic characteristics.
Neverthless.MOCA is widely used as a chain extender which in addition
to high reactivity rates prQvides a high degree of physical properties.
TABLE 1.5
Effect of Glycol Structure on the Properties of Some Thermoplastic
Po lyurethanes
~ilute

Tensile
Shore
St
rength
Hardness
~Pa
(A 1

300% le
Mod. T2
MPa oC

Elongation
%

Polymer

Glyco 1

Solution
Vi scos ity

A
B

Ethylene glycol
Trimethylene
glycol
Tetramethyl ene
glycol
Hexamethylene
glyco 1
1,4 bis (Bhydroxy ethoxy)
benzene

0.851

80

44.8

500

6.90

161

-

80

40.7

575

8.37

158

0.901

88

53.8

530

9.00

160

0.751

87

39.3

580

7.6

139

-

93

25.5

550 13.1

128

C
D
E

Components 4,4' diphenyl methane diisocyanate, poly(tetramethylene
adipate) glycol mol. wt = 1.000, 1,4 butane diol molar ratio 2:1 :1.
*. T2 = Processing temperature
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1.3

Envi~onmenta1

Stress Cracking in Po1yo1efins

The purpose of this is to outline the development of the ideas
that ultimately determine the main experiments.
There is only
a limited amount of literature available on the subject of stress
cracking in thermoplastic polyurethanes. Also, as the subject of
environmental stress cracking has been studied in great detail for
po1yo1efins it will be discussed here since considered together these
two will perhaps assist us to understand the environmental stress
cracking phenomena in thermoplastic polyurethane.
1.3.1

Environmental stress cracking of polyo1efins

That low molecular weight polymers of ethylene can be made to
rupture by contact with a mobile polar solvent was first disclosed
by Richard 10 in a paper on the solubility and swelling of these polymers in 1946. Also, he found out that these l'quids caused intense
embritt1ement. Little notice was taken of this information for some
time until the growing utilization of po1yo1efins for cable sheaths
and for flexible containers brought to light the devastating effect
of soaps and detergents on certain po1yethy1enes of moderately high
molecular weight (HFI = 2), under stress. In 1950 Hopkin, Baker and
Howard 12 reported marked differences in the strength of certain
po1yethy1ene under triaxia1 as opposed to uniaxia1 stress and related this to the stress cracking behaviours of these polymers. They
also observed that certain types of po1yethy1ene of molecular weight
30,000 when immersed in a surface active agent produced cracks and
fissures. Shortly afterwards, Carrey13 and Richards 11 pr€sented
additional findings. Richard 11 found that if the specimen was kept
under strain then fissures develop leading to rupture of the specimen.
The effect may be immediate with a low molecular v/eight and highly
pplar liquid. High molecular ~/eight samples of po1yethy1ene are more
resistant to embrittlement". Richard. (11) observed that the solvents which
have the greatest embritt1ing effects on po1yethy1ene also give solutions
of low viscosity.
Later
14
DeCoste Ma1m and wa1der did not consider the term "embritt1ement'
as appropriate since no overall stiffening has been observed. They
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used the term 'environmental stress cracking' to describe this
phenomenon. An example of environmental cracking in po1yethy1ene
is shown in Figure 1.5. This is a photograph of a po1yethane
sheathed cable that has developed a crack as a result of the
combined action of po1yaxia1 stress and a surface active agent.
Mougey15 first established that failure of po1yethy1ene telephone
cable sheaths was due to environmental stress cracking; when
closely examined the crack in the cable sheath was found to be
sharp and concoida1 and to have superficial features analogous to
those of glass fracture. By analysing the surface characteristics
of the crack according to the method outlined by Oughton 16 for glass
it is possible to determine the point of origin, the direction in
which the crack propagates, and area of high shearing stress.
1.3.1

Characteristics of environmental stress cracking (ESC)

As the name implies, the chief identifying characteristic ,of
ESC is the presence of an extraneous medi um whi ch is usua 11y, but
not always, polar in nature, and ~Ihich is not an effective solvent
or swelling agent. ESC is a purely physical occurrence involving
no chemical degradation or alteration of the material, nor even
any swelling, softening, or other evident physical change beyond
the development of macroscopically brittle cracks appearing.
A second unique feature of ESC is its dependence on 'triaxia1 stress~.
The third distinguishing mark of ESC is the apparen1y brittle character of the fracture'produced. Definite association with surface
imperfection also distinguishes ESC from purely thermal effects.
Having examined the identifying characteristics of ESC and marks
which distinguish it from superficially similar types of failure,
Howard 17 defined the phenomena as follows.
Environmental stress cracking is the failure in surface-initiated
brittle fracture of a po1yethy1ene specimen or part under po1yaxia1
stress in contact with a medium in the absence of which fracture
does not occur under the same conditions of stress. A combination
of external and/or internal stress may be involved, and the sensiti-
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FIGURE 1.5:

Typical Environmental Stress Crack in Polyethylene(Ref.14)
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sing medium may be gaseous, liquid, semi-solid or solid.
Similar definitions can be found in References 11, 13 and 17.
Hopkin, Baker and HOI~ard12 also suggested a generalised mechanism
of crack initiation and propagation of environmental stress cracking
lESC). They hypothesized that the initiation step might involve
adsorption of a monolayer OF polar molecules (which could be Hater)
on the surfaces of a micro
submicrofissure in the surface of the
polymer, with the adsorptive energy contributing a spreading pressure
Vlhich when added to the other stresses present, produces a resultant
which exceeds the cohesive forces of the polymer at the apex of
The subsequent propagation step could be visualized
the fissure.
as aided by the extreme notch-sensitivity of these materials, with
growth of the crack largely dependent on the availability of intercrystalline or inter-spherulitic boundaries traversed by relatively
few polymer chains and held together chiefly by forces weaker than
primary valence bonds. The concentration of such interfaces in a
given unit of volume of polymer increases with increase in low molecular weight fraction of polymer and with increase in size of crystallites; Kafavian 18 also has suggested that stress cracking is dependent on the structure and characteristics of the material in the intercrystalline boundaries. From the above discussion it is quite obvious
that the ESC resistance of a material will be influenced by (a) the
nature and properties of ESC reagents; (b) processing and structure
variables.

or

1.3.2

Effect of nature and properties of ESC reagents on ESC
of polyoleflns

In order to function as an environmental stress cracking reagent
the liquid should have good wettability with the polymer. The wetting
properties of a liquid are determined by its contact .angle and spreading coefficient with the solid surface. Spreading coefficient is a
function of temperature. The contact angle of liquid to the polymer
is dependent on the chemical nature and the solubility parameter of
liquid and polymer.
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Shanahan and Schu1tz 20 have studied the kinetic effect on
the environmental stress cracking of po1yethy1ene due to liquid
viscosity. They studied the ESe ofa low density high melt index
·polyethy1ene under silicone oils using constant load creep experiments. At relatively low stress they found out that the time to
fracture is independent of viscosity of the silicone oil. However,
at high stresses, the time to fracture increases with increasing
viscosity for a given stress. They concluded that the effect has
been shown to be due to the relative ease with which the liquid
penetrates a growing crack and, thus always be at the crack front.
Times to fracture for viscous liquids at high stresses are longer
since crack propagation continues partially with and partially
'without liquid contact, fracture rate being much slower when not
in the presence of the liquid. They also concluded that a critical
strain must be first attained before ESe occurs, and that the liquid
must be able to flow rapidly enough always to be at the crack front.
Later, Shanahan and Schu1tz 21 studied the influence of wetting properties of the liquid on environmental stress cracking of po1yethylene at high stress. They studied the .effects of spreading coefficient in ESe of po1yethy1ene, by using different reagents, i.e.
paraffin oil, di-ioctomethane po1ydimethy1 si10xanes (PDMS), of
different viscosities of 340 and 970 cp, and tricresy1 phosphate .
.They concluded that the force causing the liquid to enter a growing
fissure also affects the ESe of po1yethy1ene. They also showed that
two types of ESe occur, depending on the magnitude of the applied
stress. Under conditions of low stress, when the liquid is in equilibrium with the polymer, stable equilibrium ESe takes place and there
is evidence to suggest that the behaviour is closely related to a
reduction in the cohesive energy of po1yethy1ene (PE) owing to the
liquid environment. However, at high stresses, overall time to failure is largely governed by the ability of the liquid to penetrate
·a growing "stress crack".
Shanahan and Schu1tz 22 carried out further work on the behaviour
of an active fluid and found a third type of behaviour. These three
types of behaviour with active fluid were:
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i) at low stress true ESe occurs,
ii) at intermediate stresses time to failure is largely controlled
by ability of liquid to flow into growing crack, and
iii) at high stresses ESe is in competition with failure by necking.
It was observed that the overall time to failure in absence of a
liquid is short~r than the equivalent time to failure, where the
liquid is found to be the rate-controlling feature. They concluded
that some liquids are inactive as ESe agents, with time to failure
being very similar to the value obtained in an air environment,
and the cri teri on determi ni ng vlhether gi ven 1i qui d is an acti ve
or an inactive ESe agent is simply whether it is able to penetrate
a growing fissure sufficiently quickly. If the liquid penetration
is too slow, failure by necking \~il1 occur.
Oe Caste, Ma1m, Wallder 14 studied the effect of various cherdca1
environments on selected po1yethy1ene grades. They classified the
chemical environments as active or inactive environments, dependin9
on whether the chemi ca1agent produced cracks in sol vent or not
under stress conditions. Results are shown in Table 1.6.
1.3.3

Effect of temperature on ESe of po1yo1efins

Temperature plays an important role in the environmental stress
cracking of po1yethy1ene. Soni and Gei1 23 studied the effect of temperature on ESe of PE. They prepared a 1 mm thick film by melting a
po 1ymer between coated a1 umi ni urn foil under pressure and subsequently
quenching the sandwi ch in ice water. They carried out stress-strairi .
measurements at slO1~ and high speeds and with temperature ranging
from 30 0 -60 0 e. They used methyl alcohol and water as the aggressive
and non-aggressive environments respectively and observed by stressstrain measurements that the strain at break of LOPE is always lower
in the presence of stress cracking agents as compared to that in
their absence and that this effect becomes more pronounced with increasing temperature. The fracture surface of samples drawn in stress
cracking agents were found to be fibri11ated. The fibrillation was
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TABLE 1.6:
Classification of Various Materials on Active or Inactive Environment for Grade SS Polyethylene
ACTIVE ENVIRONMENTS
Alcohols
Organ i c Aci ds
Ester-based Plasticisers
Vegetabl e Oil s
Animal Oil

Metallic soaps
Alkanolamines
Polyglycol ethers
Sil i cone Fl ui ds
Polybutenes

INACTIVE ENVIRONMENTS
Acid and neutral inorganic
sal ts
Polyhydric alcohols

Water
Sugars
Paraffin Wax
TABLE 1.7:

Effect of Temperature and Oensity on the Stress Cracking
Propertles of PE ln Alr ~ledla

Polyethylene
Type

Density
Kg m-3

Test
Temperature
(OC)

LDPE
HDPE
"
"
"
"

0.94
0.96
0.96
0.96
0.96
0.96

80
25
40
60
80
110

Crack
Initiation
Time (hours)
190
300
39
13
3.5
0.25
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found to increase with increasing temperature and decreasing
strain rate. From deformation studies of single crystals in the
presence of stress cracking agents, they found out that the formation of a network of small cracks in some areas of a crystal take
place suggesting a weakening at the defect sites in the crystal due
to the amorphous surface layers of crystals being 'solvated' by the
cracking agent.
Clegg, Turner and Vincent 24 also studied the effects of temperature on ESC property of polyethylene. Typical results obtained
are sho~m in Table 1. 7. Results clearly indicate that the failure
decreases with increasing temperature and polyethylene density.
1.3.4 Effect of structural variables on ESC of polyolefins
The major structural variables are listed below:
a)
b)
cl
d)

Average molecular weight
Molecular weight distribution
Crystallinity
Molecular orientation

a)

Average molecular weight

Average molecular weight is recognised as a dominant factor in
establishing the ESC resistance of polyethylene (Refs. 11, 14, 26 and
42). Spohn and Frey26 have shown a generalised curve relating crack
resistance to molecular weight in terms of melt index. Richard ll has
noted the very sudden alteration from susceptible to highly crackresistant polymers as the molecular weight is increased. Richard 11
also reported that abrupt change occurs in the region between melt
indices 1.3 and 7.8. Howard 19 has investigated the effect of melt
index on stress-cracking resistance of polyethylene. He found out
that the failures begin' to occur between melt indices 0.23 and 0.6.He
explained that since polyethylenes are not a unique single molecular
species but rather embrace a polydimensional universe of different
polymer types, a break point in [SC resistance cannot be expected
always at the same level of molecular weight.
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b)

MolecuLar weight distribution

Spohn and Fre/ 6 has shown that a superior level of stress
crack resistance can be expected at a given melt index for po1yethylene of narrow as opposed to broad molecular weight distribution. Howard 17 studied the effect of molecular weight distribution on stress cracking properties of po1yethy1ene. He confirmed Spohn and Frey's conclusions.
c)

Crystallinity

Crystallinity is also found to be very important in environmental stress cracking. The stress cracking resistance of a material
decreases with increase in crystallinity (Ref. 17).
Howard 17 investigated the effectof cooling rate on stress
cracking properties of po1yethy1ene and he found out that slow
cooling samples stress crack after few hours, whereas quench samples
are very resistant to stress cracking.
d)

Molecular orientation

DuriQg the conversion process, when material in melt form is
passed through a narrow orifice under a high pressure, molecular
orientation takes place, and this can influence the stress cracking
behaviour of po1yethy1ene. Richard and his co-workers 11 have confirmed that the limiting stress in water is higher for, b.iaxially
oriented than for unoriented po1yethy1ene pipes, but did not report
on more active environments.
As mentioned earlier, it is observed that.·
stress
cracking will take place, if there is some frfaxia1 stresses existing in the specimen. These stresses and strains can result from
processing or from external sources. Carrey13 has shown for the uniaxial case, and Richard, Diedrich and Graubl 7 have confirmed for
; bi'axia1 stresses, that the minimum stress at which brittle stress
rupture will occur in the absence of a cracking agent varies with
the molecular weight and crystallinity of the po1yethy1ene involved,
and that there appears to be a limiting stress for each polymer below
which brittle failure does not occur.
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1.4

Hydrolytic Stability of Polyurethanes

The property most frequently quoted when considering the
limitations of polyurethanes is their susceptibility to hydrolytic attack. A number of papers have appeared on the hydrolysis
resistance properties of this family of polymers and the relationship between structure and hydrolysis stability.
In 1956 Rousse1 28 and his co-workers published results of work
on the ageing of polyester urethane foams. They prepared special
compounds similar to the types of structure present in polyurethane
foam, and these were subj ected to hydro lys i sin the presence of a
tertiary amine. Under these conditions they found that the urea group
was most susceptible to hydrolysis, followed by the biuret then the
urethane group and finally the ester group was the most resistant
to hydrolysis of all four. Chemical analysis of hydrolysed foams
confirmed the presence of amine tipped chain, and infra-red spectra
showed ester groups, a trace of hydroxyl group but no carboxyl groups.
Athey29 carried out a further investigation for comparison of
hydrolytic stabil ity of ester and ether based urethanes. He found
out that ester groups are the least resistant group to hydrolysis
degradation in the molecule and that the rate of degradation of
ester based urethanes was independent of curing systems. In contrast,
the curing system used for the ether-based urethanes has a significant influence on hydrolytic stability, glycol curing agents yielding
the most resistant vulcanizates. Also, rate of degradation in etherbased polyurethanes depends on the susceptibility of the urethane,
urea and biuret groups, all of which are more resistant to hydrolysis
than the ester groups. He observed that hydrolysis of ester, urethane,
and urea groups in a urethane elastomer results in chain scission and
decreases in molecular weight. Hydrolysis of biuret groups results
principally in a reduction in crosslinking. Consequently, when the
ester-based urethane is subjected to hydrolysis, the result is a loss
of properties through a reduction in molecular weight (MW). In the
case of ether based urethanes, loss of crosslinking occurs
slowly
and is accompanied by a still slower decrease in vulcanizate properties.
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Ossefort and Testtroef O suggested that the hydrolytic decomposition of polyester urethane elastomers in high humidity at or
near room temperature manifests itself in two principal ways.
The first is the short term catastrophic cracking which occurs in
both the presence and absence of stress. The second is a gradual
softening over a period of months, and involves those elastomers
which show early cracking as well as 'crack resistant' types.
They also mentioned that the hydrolytic attack is complicated by
its association with fungus growth. They carried out experiments
by using a dumb-bell or bent strip specimen and exposed the specimens to O.lN HCl in a closed desiccator at room temperature or in
a humidity cabinet at 95% relative humidity and lOOoF. They found
that below lOOoF temperature fungal growth plays an important role
in hydrolytic attack. Typically the attack over water involves
cracking in the short term (two or three weeks) of stressed or
unstressed specimens and also gradual softening which takes place
over a period of months. They concluded that the possibility of
fungus attack cannot be ruled out, because when the polyester is
exposed to O.lN HCr, a condition that normallyiaccelerates deterioration;
.a retardation effect was observed possibly since the solution inhibits
the growth of fungus.'

Hydrolytic stability of urethane elastomers has continued to be
of interest. A number of publications are available concerning the
comparison of the ether and ester based polyurethane with respect
to their hydrolytic stability. Reuter 31 compared the polycaprolactone
urethanes and polyadipate urethanes with poly (1,4 chloroprene) using
short term immersion tests. He concluded that the polycaprolactone
urethane was the most stable to hydrolysis of the three. Magnus
Dunleavy and Critchfield 32 carried out further investigation on comparison of the performance of urethane elastomers based on:
a)
b)
c)

polycaprolactone
poly (1,4 oxybutylene), and
polyadipate.
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They prepared castable and millable polyurethanes and cured these
materials with dial ,amine and sulphur.
The prepared samples were exposed to various temperatures and humidity
conditions. They found out that in the sulphur-cured system
stability in water and moist air rank in the order polycaprolactone> polyether > polyadipate. They suggested that with the
exception of the polycaprolactone urethanes, amine cured systems
dial
cured system.
are more stable than the corresponding
The sulphur system is the poorest of these three systems. Also,
amine and: dial-cured system stability in water and moist air
rank in the order polyether > polycaprolactone > polyadipate.
Athey2g reported that the polyadipate urethanes are less resistant
to saturated moist air than to water. This difference was believed
to be due to the fact that the adipic acid formed in the hydrolysis
is leached out by water whereas it stays inside the polymer in the
moist air exposed system and can catalyse the hydrolysis.
Boylan 33 using range of C6 , Cg , C10 ' C12 , C13 and other aliphatic dicarboxylic acids in ethylene glycol polyester linked with
toluene diisocyanate, demonstrated the ef<ect of steric hindrance
from branched chains (from the acid) on hyrolysis resistance. He
observed that urethane elastomers prepared from branched chain
dibasic acids and glycol were true elastomers with outstanding
resistance to hydrolytic attack. As a group they had much better
hydrolytic resistance than the system based upon the linear dibasic
acid. In linear dibasic acid systems, the longer chain based systems
have slightly better hydrolytic resistance. Leut~4investigated polyol,
amine and admixtures of these two as curing agents in a typical prepolymer system, and showed that large differences can exist between
amines and polyols with respect to the hydrolysis of the final polymer. He observed that admixtures of amine and polyol produces a much
less hydrolysis resistant polymer than either polyols or amines.
Dieter, Frisch, Shanafelt and Devanney35 compared the polyazelate glycol based polyurethane with adipate polyester urethanes.
They found that the polyacelate glycol based polyurethane has very
good physical properties but is deficient in hydrolytic stability
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compared with elastomers derived from poly(caprolactone) glycol.
William, Pentz and Krawiec 36 studied the effect of a diisocyanate_curative system on polyester and polyether cast urethane
elastomer. He confirmed the results obtained by Athel,9 Boylarf>3 and
'i~agnus et al~;;n cast elastomers selection of diisocyanate curetive system is very important for polyether and to a much lesser
extent, the polyesters achieve better resistance to hydrolytic
attack. Also the polytetramethylene ether glycol demonstrates
the superior resistance to hydrolytic attack over that of esters.
Reegan and Frisch 37 also investigated the influence of the
structure of diisocyanate on hydrolysis resistance of polyurethanes.
They confirmed that humid ageing resistance can be increased by
preparing polyurethanes of high crosslink density and that polyisocyanates ofhigharor.1aticcontent'are to be preferred. The isocyanates with a benzyl group exhibit poor resistance to humidity,
i.e. xylene diisocyanate, also polyisocyanate of high aromatic
content, 4,4' diphenylmethane diisocyanate or polyphenyl polymethylene diisocyanate (MDl).
Kogan 38 showed that biuret and allophanate links are easily
broken at lDOoC to l20 0 C; presumably the presence of water and
of catalysts would increase the rate of breakdown.
Schollenberger and Stewart 39 studied the hydrolytic stability
of thermoplastic polyurethanes in great detail. They investigated
the influence of polyester macroglycol structure and its acidity
on hydrolytic stability of thermoplastic poly (ester-urethanes) by
preparing different poly (ester urethanes) compositions and testing
their hydrolytic stability. They observed that the higher methylene
group concentration in a polyurethane based on a poly (hexamethylene
adipate glycol) (PHMAG) absorbed less water, than the polyurethane
based on a poly (tetramethylene adipate) glycol (PTMAG), when these
materials were immersed in water at 700 C. Thus, the urethane based
on PHMAG has better resistance to hydrolytic attack than urethane
based on the PTMAG. They also demonstrated that the acid number of
the polyester has a profound effect on hY,drolysis resistance, as
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the aci d number is a measure of the number of the -COO1- cha i n
ends remaining after completion of the glycol-acid reaction for
polyester formation. They prepared a number of compositions by
varying the acid numbers and tested these for hydrolytic stabi~
lity. They found that the lower acid number polyester macroglycol
retained higher percentages of their original strength after
immersion in water at 70 0 C for three weeks.
Brokenbrow, Sims and Wright 40 have studied the relationships
between polyurethane elastomer structure and ageing behaviour of
polyurethanes. In their detailed study, they investigated:
1.
2.
3.
4.

the effect of backbone diol
degree of crosslinking
type of isocyanates, and
effect of other chemical groups.

Their conclusions are as follows:
a)

Polyether urethanes exhibit better resistance to hydrolytic attack
than polyester based urethanes. Also, polyether urethanes based
on polyoxypropylene glycol and polyoxybutylene glycol possess
excellent hydrolytic stability.

b)

Resistance to hydrolytic attack of polyether and polyester based
urethane can be improved by increasing the degree of crosslinking
to Mc value of around 2000 - 8000 and 2000 to 4000 respectively.

c)

The diisocyanate of higher aromatic content gives the polymer
of better resistance to hydrolytic attack.

d)

Hydrolytic stability of the polyether and polyester based urethane can be. improved by selecting proper chain extenders. For
example MOCA cured polyester urethane shows better resistance
to air at 80 0 C than polyether urethanes, but inferior water
resistance.

Wilde, Matton, Rogers and Wentworth 41 studied the effect of
moisture on the high speed impact response of selected polyurethane
polyether block copolymers. They observed that a high value of relative humidity whether applied immediately or after a time delay, led
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to softening and a ductile response of an initially brittle formulation. Also, immediate dessication of the brittle formulation
causes retention of hardness and brittleness, ·if the polymer i"IGS
first humidified and then dessicated to remove water but this did not
reverse the brittle to ductile response to ili'pact.
Up to this stage we have discussed the relationship between
structure and ageing properties. Hydrolysis of polyurethanes at
ambient temperature is slow. In order to achieve data on .the hydrolysis behaviour of polyurethanes in a short time, accelerated tests
are required. Gahimer and Nieske42 have used an accelerated humidity
test utilizing a combination of high temperature and high humidity.
From the data obtained using accelerated tests, it is then possible
to predict failure time by using the Arrhenius equation. They used
thi s method for compari son of po lyacryl ate and polyurethanes and
observed that at constant humidity the rate of degradation of ester
based polyurethane and polyacrylate doubled for every 100e increase
in temperature.

~latsushige, Baer and Radcliffe 57 studied the environmental
stress crazing and cracking in polystyrene (PS) under high pressure
in silicone oil. They observed that the silicone oil which is inert
and hardly affects the mechanical properties of PS at atmospheric
pressure changes its fracture behaviour from ductile to brittle at
2.0 kbar pressure. Also the overal.l stress required to break the
specimens is lower in silicone oil at 1 atm. pressure. Similar
observations were made with methanol. They found out from a Fourier
transform infrared result that the silicone oil does penetrate into
a PS under high pressure and acts as a cracking reagent. Further,
they carried out experiments using water which does not wet the PS,
due to its high surface tension. Surprisingly, they observed that the
specimens tested in a water envi ronmental fracture vlith craze formation below 0.5 kbar and in a more brittle manner with few or no
crazes above 1 kbar. This clearly shows the effect of pressure on
the ESe of PS.
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Moet and Ba~r58 investigated the effect of pressure on the
fracture stress and yield stress of PS in compression and tension
in a silicone oil environment. They observed that the material in
tension is very sensitive to applied pressure and silicone oil
environment.
Hydrolytic stability of urethane materials can be improved
by the addition of a small amount of polycarbodiimide and this
~Ias patented by Holtschmi dt, Loew, Ni schk and Moosmull er43 .
Neumann and co-worker 44 studied the polycarbodiimide as the
hydrolytic stabiliser for elastomers containing ester groups.
They have shown how the polycarbodiimide (PCD) materials react
with -COOH chain ends to form an unreactive urea link and this
effectively stops hydrolytic degradation chain mechanism.
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"
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I

NCOR
I

c=o
I

NHR"

(acyl urea)

(13)

The PCD has been shown to be highly effective in stabilising polyester urethanes even when they have been formed from polyesters
with high acid numbers 39 . The amount of PCD used can be 1 to 46~
depending upon the environment. Singh and Saxon 45 reported that
the stabilised prepolymer exhibits a degree of moisture resistance
comparable to that of polyether based urethane while retaining the
other desirable properties of polyester based polyurethanes.
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1.5

Objectives

This research has been concerned with investigating the
factors that influence the onset or prevention of stress cracking
in thermoplastic polyurethane marine telecommunication cables
when exposed to sea water at low temperatures. Experiments have
been designed to investigate the following_criteria:
a)

Environments capable of producing the stress cracking in
thermoplastic polyurethanes.

b)

Effects of polyurethane chemical backbone. domain structure
and crystallinity on stress cracking in TPU.

c)

Effects of processing conditions on stress cracking in TPU.

Also. the experiments have been designed to test out the
following hypothesis for stress cracking in TPUs.
a)

that cracking of TPU was due to environmental stress cracking
(ESe)

and/or
b)

due to structure and morphology changes which occur during
the ageing period.
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CHAPTER 2.
EXPERIMENTAL TECHNIQUES
2.0

INTRODUCTION

This chapter deals with the characterisation techniques
used to study the phenomenon of stress cracking in TPU's.
Polyurethanes, in general, are susceptible to hydrolytic degradation,
and this is known to result in the following events:
a)
b)
c)
d)
e)

Reduction in molecular weight
Changes in molecular weight distribution
Reduction in the physical properties
Formation of the extractable materials
Environmental stress cr.acking in TPU's.

The characterisation techniques employed to study the above
changes in structure morphology, and molecular weight and physical
properties will be described later on, but first the test methods
designed to study the phenomenon of environmental stress cracking
in TPU's are described as follows:

2.1

Environmental Stress Cracking:
2.1.1

Test Method

Bend test

Conventionally, the term 'environmental stress cracking'
applies to the polyolefins, and the traditional test method used
for the ESC test on polyolefins is well known as the "Bell telephone
test". This test method was used in this project. (ASTM Standard
01693 (1975)). In this test method, the test piece was a strip,
normally 3B mm long and 13 mm wide, in which a controlled cut
(imperfection) was made with a blade held in a jig. The test piece
was bent into a 'u' shape, placed in a simple retaining jig (i.e.
brass channel) - see Figure 2.1a. The entire assembly was immersed
in the ESC reagents (i.e. seawater, detergent, special ESC reagents)
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contained in a Pyrex glass tube as shown in Figure 2. lb. Ten
replicate test pieces were used. The samples were held in
position by specially designed brass rods to prevent slipping
out of the brass channel. After appropriate ageing periods
(usually 24 hours to one week) the samples were examined for
failure by reflective light microscopy.
The test procedure used in this project was a lit.le aifferent
than the Standard ASTM test method. This is because of the followi ng reasons:
a)

The environmental stress cracking phenomenon encountered here
is a low temperature phenomenon .

b)

The effect of ESe agent on TPU's was later found to be mild
and hence response rates were very low.

2.1.2

Accelerated ESe test methods

Environmental stress cracking in TPU's under ambient conditions
is a very slow process and to study this phenomenon in a short time
in the laboratory accelerated ageing tests were required. Usually,
the accelerated ageing is based on the use of elevated temperatures.
Since the TPU failure phenomenon encountered in this investigation
occurs at low temperatures, the accelerated tests can only be designed
by utilising enhanced pressure (Refs. 57,58) and/or chemically active
environments. To this end a high pressure environment test chamber
was designed and constructed.
a)

Design and Construction of the High Pressure
Test Vesse~

Environmenta~

The pressure vessel was designed to simulate the deep sea
operating conditions under which the telecommunications marine
cable is exposed during service life in sea water.
Figure 2.2
represents the features of the designed pressure vessel.
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A. Pressure Gauge
B. Control Valve

C. Release Valve
v
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Q. Safety Val v e
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1

FIGURE 2.2

Schematic Representation of Design Feature of
Pressure Vessel for ESe Study on TPU's
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Test Method:

A sample assembly was prepared for environmental stress
cracking tests according to the test method described in
Section 2.4.1 (ASTM Standard 01693) and was immersed in a suitable environmental stress cracking reagent contained in a glass
tank. The entire assembly was then placed in the designed high
pressure vessel. The pressure vessel was pressurised to the
required pressure by using compressed air. Observation of the
beginning of Ese in these samples was carried out at a certain
fixed interval time (i.e. 1 week) by reflective light microscopy.
The high pressure ageing test was carried out continuously.
This ageing test can be further accelerated by the use of chemically active reagents. The concepts of a selection of chemically
active environments is discussed below.

b)

Selection of Chemically Active Reagents fop ESC Test

The phenomena of stress-crazing and stress-cracking of .po1ymers
in the presence of liquid environments has been studied in great
detail by Howard (Ref. 17). He pointed out the characteristic
features of an .ESe reagent as follows.
The environment stress cracking reagent should be polar in
nature and should not swell and/or act as a solvent.
Other research workers have supported this statement (Refs 10,
11, 12). Later on, Bernier and Kambour 60 attempted to rationalise
the role of organic agents in the environmental stress failure of
a non-crystalline (but crysta11izab1e) polymer by studying the
action of a range of liquids on poly (2,6-dimethy1 - 1,4 pheny1ene
oxide) (PPO). They found a useful correlation between the solubility
parameter of each liquid and its effectiveness in dissolving
crazing or cracking the polymer and proposed that the phenomena
were determined by the closeness of the solubility parameter of
the liquid to that of the polymer. A liquid is considered to act
as a solvent when its solubility parameter is identical to that of
the polymer when the difference between the two solubility parameters
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was small the liquids would promote cracking. When the difference
was large, liquids would then act as crazing agents. Vincent and
Raha 25 studied the influence of hydrogen bonding on crazing and
cracking of amorphous thermoplastics. They found that the more
effective representation of solution, crazing and cracking behaviour of a polymer can be obtained by considering the capacity
of each liquid to hydrogen bond as well as its solubility parameter.
From the above literature review the author has developed a
theory on the basis of solution theory with a special interaction
parameter as follows. It is considered that there are three types
of forces of attraction that exist when a polymer is exposed to solvent media and this is shown in Figure 2.3.

FIGURE 2.3:

Schematic Representation of the Forces of Attraction
in Polymer-Solvent. Systems

These forces can be represented as follows:
i ) Force of attraction between one polymer chain to another polymer
chain. PP
i i ) Force of attraction between one solvent to another solvent. SS
i i i ) Force of attraction between one polymer to a solvent.

PS
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FIGURE 2.4:

Photograph of the strain measurement device
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If the forces of attraction between pp and SS is less than
PS, then solvation occurs. In the case where the difference
between the forces of attraction of PP, SS and PS is not large,
then swelling, crazing or cracking will take place depending
upon the applied stresses. The above concept is only applicable
to a simple polymer system. Since the TPU's system consisted of
special intermolecular forces (i.e. 'H' bonding), between polymer
. chains, the selection of a satisfactory chemically active ESe
reagent is dependent upon the reagent's cap a·clt y to forrr;
intermolecular forces of attraction to the polymer chains. The
selection of a chemically active Ese reagent was made on the basis
of the hydrogen bonding parameters *
of reagents relative to
that of the TPU's.
Further a strain measurement techniquie was developed to
determine if there was a critical strain for TPU polymers at which
stress cracking would occur in selected media.

2.1.3 Strain measureme.!1j:_ techniques
The experimental technique was to subject a 38 mm long, 13 mm
wide and 3.0 mm thick strip of material to bending to the required
strain as shown in Figure 2.4, followed by immediate immersion of the
entire assembly in the ESe reagent. After immersion the sample was
examined continuously for evidence of crazing, cracking as dissolution. All experiments were carried out at room temperature. The
jig consisted of a fixed and moveable platen, as shown in Figure
2.4 and a sample strain mass varied by adjusting the moveable
platen. The critical strain of the sample can be calculated either
theoretically or measured by using microscope method.
a)

Theopetical method:

From the equation of bending of a simple elastic beam the
strain-at a particular point of stretch can be calculated by the
*_f~O~I~I~o~w~i~n~g_e~q~u~a~t~i~o~n~:__________________________________________
Hydrogen bonding parameter is defined as the measurement of the
displacement of 00 absorption band on Infra-red in the 4~m range
of deuterated Methanol(CH 3 00) in benzene;and the magnitude of this
dIsplace-ment,in wave numbers is-divided-by 10 is 'H"bonding
parameter.
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This technique is accurate for only a limited amount of
strain because of the variation in strain value of the outer
fibres of sample across the width is large at a high strain.
This results in a formation of the curvature on the surface of
the sample at a maximum deflection and as a result error arises
in the calculation of strain. Due to this problem it was decided
to use a direct measurement technique, a travelling microscopy
method.
b)

TraveZZing microscope method:

A single line drawn in the middle of the sample, across its
middle, prior to it being bent and the width of this line was measured by a travelling microscope. Then the sample was bent by a
adjustable platen to increase the strain and the new width of line
was measured. From this the strain can be calculated by using the
following equation:
% Strain =

where

Wo
W

W- w
o

x 100

(2.2)

original width, mm
= new width, mm

=

This method was found to be accurate to within

±

5%.

The following section is concerned with the characterisation
techniques employed to study the changes in structure morphology,
molecular weight properties, physical properties and chemical properties, due to processing, ageing and other thermal history effects on
the TPU's.
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The characterisation techniques employed to study the changes
in structure morphology and molecular weight include: X-ray
diffraction, differential thermal analysis, gel permeation chromatography and solution viscosity, techniques respectively. The stress
cracking phenomenon was found to be best examined, using the reflective transmission light microscope. A description of these techniques is given below:

2.2

Characterisation Techniques
2.2.1

a)

Microscopic techniques

Ref?ective light microscope

The nature of cracking, the initiation and propagation of
cracks was found best examined by reflective light microscopy.
through an examination of the cross-section of the cracks. By
this means the origin point of cracks could be established.
Also, the surface of the samples could be examined by reflective
light microscope, to study the presence of voids due to processing.
b)

Transmission light microscope

In this a thin section of the polymer, obtained by using the
microtome, was observed under the transmission light microscope
which was also found to be a useful technique for examining the
dispersion of the additives used in TPU compounds.
2.2.2

X-ray diffraction techniques

It is well known that on the hydrolysis of TPU's,
change;
in the intermolecular forces which results in the changes in structure morphology of TPU's, this can be detected by the X-ray diffraction technique 6 ,46-51. X-ray diffraction techniques can also detect
the amorphous and crystalline nature of a TPU. Since the TPU does
not form a well defined crystallite, the X-ray diffraction results
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can only be interpreted in terms of molecular regularity. Com~
parison of the photographs taken by using the transmission, X-ray
mode or. by intensity traces of wide angle X-ray diffraction technique, the change in structure morphology due to hydrolysis can be
observed. In this research work both transmission and wide angle
X-ray diffraction modes were used by using an X-ray machine JEOL
DV-GE 25.

2.2.3

Differential thermal analysis (DTAl

Thermoplastic polyurethane is essentially a linear long chain
block-copolymer made up of soft and hard segments or blocks. DTA
technique is useful in characterising the structure morphology of
the TPU' s27 ,48,50,61. The soft and hard s·egment blocks show a
transition peak at a certain temperature depending upon
the original structure of the TPU. During the hydrolysis of the
TPU's the phase separation of these hard and soft segment blocks
occun. these changes can be observed using the DTA technique.
In this investigation the Dupont 990 Differential Thermal Analyser
was used to study the phase separation phenomena of TPU' s resulting
from hydrolysis at low temperature as well as at elevated temperatures.
Also this technique was used to determine the melting points of
commercial and laboratory synthesised TPU's to obtain optimum processing temperatures. From the obtained DTA traces the effects of
ageing temperature, ageing time, effects of structural and processing
variables can be studied to establish their individual contributions
to the stress-cracking phenomena in TPU's.

2.2.4 Molecular weight properties
One of the most important factors governing the properties of
TPU's is their molecular weight and its distribution 48 . Hydrolysis
of the TPU's results in reduction of molecular weight together with
changes in its distribution. It will be later described how the
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processing conditions and the thermal history of the material was
found to affect the molecular weight properties of TPU's. The
techniques used to study the changes in molecular weight properties
are as foll ows.

a)

Gel permeation chromatography (GPe)

The molecular weight and its distribution changes in processed
and stress cracked samples were determined by the GPC technique.
This work was carried out by Dr Booth at Manchester University.
b)

Solution viscosity method

Since the solution viscosity of the polymer is a function of
the relative molecular weight, the measurement of the TPU's
molecular weight changes studied in this investigation was carried
out using an Ubblehude Viscometer at a fixed (25 0 C) temperature.

2.2.5

Physical properties measurements

The Ultimate tensile strength, modulus, and the elongation
at break were measured using a dumbell by a standard JJ Tensometer
according to BS test method BS 903, Part 11, A2. Hardness and
density of the sample was measured with a Wallace Microhardness
meter (to BS 903 Part A26) and density column, respectively.

2.3 Process Simulation Technique
Melt Flow Index (MFI)
Conventionally, melt flow index (MFI) is often used as a measure
of the average molecular weight of the sample and can therefore be
an indicator of the strength properties of the material. Also, it
helps in establishing the processability of the material at various
temperatures under low stresses. The Davenport Melt Indexer (~lodel
Ill) was used to study the processability of commercial and laboratory
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synthesized TPU's according to BS 2782, Part I (1965). MFI was
also used to study the effects of hydrolysis on the flow properties of TPU's.
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CHAPTER 3
EXPERIMENTAL
3.0 Preliminar Investigation of Stress Cracked Marine Telecommunlcatlon a e
This section is concerned with the preliminary investigation
of environmental stress cracked marine telecommunication cables
which cracked in seawater after 1 year ageing period. It was
considered that this investigation would help in establishing the
stress cracking
design of experiments for studying the
phenomenon in thermoplastic polyurethanes. Thus the preliminary
objectives of the early investigations of stress cracked cables
are as follows:
a)

To identify and characterise the crack(s) and to study the
cracking behaviour in TPU's.

b)

To investigate the effects of ageing on the structure morphology, molecular weight and physical properties of TPU's.

c)

To establish the factors that influence the ESC in TPU's.

EXPERII~ENTAL

METHODS

Materi a1s:
Telecommunication marine cables unaged and aged in seawater
for 1 year, were provided by the Ministry of Defence. Cables had
been produced by an extrusion technique using a caprolactone based
thermoplastic polyurethane material pigmented with carbon black.
Samples provided were as follows:
a)
b)
c)

Unaged cable.
1 month room temperature aged cable.
1 year seawater aged, stress cracked cable.
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Microscopic Study on Stress Cracked Cable:
Due to simplicity of preparation of the samples for microscopic observations the surface of unaged and aged cables were
observed under reflected light microscope to study the defects
on the cable arising from processing and/or ageing. Furth:er
reflected light microscopy was used to study the crack types and
their cracking behaviour. The latter was studied by opening the
cracks and the face of the crack was observed under the microscope. Photographs of these samples were recorded. (Fi gures 3.2
- 3.5).
Since the cables were pigmented by carbon black, a thin section of cable sample was observed by transission light microscope
to study the dispersion of carbon black particles.
Molecular weight changes were examined by a solution viscosity
method using U~ehude Viscometer at 25 0 C according to the Standard
test method Section 2.2.4.

Chemical Analysis
It is well known that the polyurethanes in general are susceptible to hydrolytic attack, this results in the formation of
extractable material as shown in a typical hydrolysis reaction
mechanism given below:
OCO(CH 2)4 CO- 0-(CH2)20-CO-NH-R-NH-CO-0
Poly(ester urethane)

OCO(CH 2)4 COOH + HO-(CH2)2-0-CO-NH-R-NH-CO-0
Short chain polymer

FIGURE 3.1:

Reaction Mechanism of Hydrolysis of Poly(ester-urethane)
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In this project, the extraction of unaged and aged samples
0
was carried out by using dimethyl ether as a solvent at 80 C according to
Soxh1et methods, (8S 2782, Part 4, 1970).
Extracts were quantitatively determined and followed by
chemical analysis using infrared spectrophotometry (film cast
onto a NaC1 plate) to detect the carboxylic groups resulting from
hydrolysis of TPU's.

Structure

~10rpho10gy

and Molecular Weight Study

Wide angle X-ray diffraction and differential thermal analysis
(DTA) techniques were used to study the changes in structure morphology. The operating conditions and sample size used are listed
below:
a)

X-ray diffraation method

Power = 40 kV; Ampere = 30; Range = 8 x 103 ; Time constant = 2; Scan speed = 10/minute; chart speed = 10 mm/min;
Angle = 5-50 degrees.

b)

Differential ther'l1'Kll analysis (DTA)

Heating rate 100C/minute; Temperature +20 0C - + 250 0C;
Time base 2.5; Range/rate 100C/cm; Sample size = 10 mg
Hardness, Density and Modulus Measurement
The thermal history from raw materials to end product ....
can be expected to change the structure morphology properties
eventually affects the physical properties and the service life of
the product. Physical properties of unaged and aged samples were
measured by using the standard method as described in Section 2.2.5.
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3.1 .2

Observati ons and Resul ts

Telecommunication marine cables aged in a seawater for 1
year were observed under the stereomicroscope. A photograph
of the cracks observed using this microscope is· shown in Figure
3.2. Stress cracking in a cable only occurred in the section of
cable that was immersed in seawater. Further, the cracks were
found to be at an angle of 30-400 to the direction of processing
orientation (i.e. machine direction) of the cable. This revealed
that the stress cracking in the cable is influenced by the combined
effect of environments and stresses; stresses could be considered
internal and/or external, In order to study the stress cracking
behaviour of the cable, the cracks were sectioned and the face
of the cracks was observed under the microscope. A typical crack
face is shown in Figure 3.3. Clearly visible is the origin point
of the cracks situated on the inside surface of the cable sheath.
Thus, the crack propagation has started from inside by formation
of micro-crazes and cracks which eventually combine to form a
major crack across the thickness of the cable sheath.
Also, some humps on the surface of the cable were obser .ved.
On sectioning these humps it was found that these were voids which
presumably occurred during the processing of the cable. These voids
could initiate the stress cracking in a cable possibly by interconnecting with each other due to internal and/or external stresses;
these voids are shown in Figure 3.4.
Transmission microscopy studie.s. show that the carbon black
particules are present in the material in the form of aggregates
as shown in Figure 3.5. Again it is considered that the presence
of such aggregates could be a weak point where initiation of stress
cracking could take place.
Differeritial thermal analysis studies did not show any significant changes in spectra of samples aged in seawater over a period
of 1 year. The DTA traces of control material, un aged and aged
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FIGURE 3.2:

FIGURE 3.3:

Photograph showing typical ESe in TPU's marine
telecommunication cable

A magnified view of face of the crack showing the
formation of microcraze and the crack propagation(xl00l
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FIGURE 3.4:

Photograph (X54) showing the voids interconnecting
to produce a microcrack under the surface of the cable

FIGURE 3. 5:

Transmiss ion photomicrograph (X54) showing the carbon
black dispersion in the cable material

A. Control material(Cap.85AK)
B. Seawater aged cable sample
(aftlBr 1 year)
[. Air aged cable sample after
1year.
D. One month air aged cable
sample.
E. Unaged cable sample.
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samples of telecommunication marine cables are shown in Figure 3.6.
Usually, when a TPU material is processed structure disintegration
takes place, however this eventually reforms on cooling and maturation over a period of time. In thermplastic polyurethanes there
are two transition peaks which appear in a DTA trace mainly those
between 80 0 e - 1500 e and 1800 - 220 0 e corresponding respectively
to soft and hard segments.
It is considered from inspecting these results that on ageing
these transition peaks shift to higher temperatures due to the
formation of second order molecular alignment. During prolonged
ageing these second order molecular alignments are thought by
this researcher to break and then re-exist in the form of the two
transition peaks observed present in the unprocessed raw material.
In this project on ageing of the cable samples both the transition peaks were found to be not well defined and they occurred
at a lower temperature than the control material. This is thought
to show that structure disintegration on ageing takes place rather
than the structure formation as mentioned above.
These effects
could be attributed to the combined effects of stresses and environment.
To investigate this hypothesis a wide angle X-ray diffraction
study was performed, in which the cable sample intensity was found
to be much lower for aged than unaged samples. The results are
shown in Figure 3.7.
In this study when a seawater aged sample
0
was heated at 70 e for 15 minutes the intensity of the sample
increased which revealed that the molecular regularity can be
increased by a thermal treatment.
From these observations it is clear that the original structure of the newly synthesised polyurethane can reform on ageing,
however in the case of the cable the observed disintegration must
be due to the combined effects of stresses and environments. If
hydrolytic degradation is a contributory factor, then it could be
expected to result in a reduction of molecular weight and physical
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properties, together with the formation of extractable material.
Table 3.1 shows the results of solution viscosity, extraction" and
physical properties of control material, unaged, air and seawater aged cable samples. The intrinsic viscosity of the raw
material is observed to increase on processing by the extrusion
technique followed by a large reduction in viscosity on ageing
in seawater over a period of 1 year. This implied reduction
in molecular weight is considered to be due to the polymer chain
scission.
Hardness and density of cable samples were observed to
increase on ageing. These results are contrary to the concept of
"structure morphology breakdown", as suggested above. The only
possible explanation is as follows.
DTA, X-ray and solution viscosity data indicates that structure disintegration i.e. the reduction in molecular weight occurs
during ageing; it is considered that the increase in hardness and
density are probably due to the formation of crosslinking during
ageing and/or due to the changes in structure morphology resulting
in the shrinkage of the material.
Extraction studies did not show any significant changes in the
extract between the fabricated unaged and aged cables. It is interesting to note that the unprocessed TPU has an extract value of
35% compared with 9-11% of the processed cable.
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TABLE 3.1
Physical Properties, Solution Viscosity and Extraction Data of
Control. Unaged and Seawater Aged Cables of Cap 85 AK Material

Tests

Cap 85 AK
Raw
Material
Unadultered

Ha rdness
( I RHD)
Density

1. 17

Intrin;sic

0.75xl()2

(~

nA

Unaged
cable

One month
r. t stored
cable

One year
air
aged

One year
seawater
aged

85.0

87.0

89.0

90.0

1 .2057

1 .2215

1.2515

1 .3209

-2
0.76xlO

0.7BxlO-2

0.65xlO~

0.31xlO-2

viscosir~

(m3 kg- l )

% Extract
petrol eum ethe
at BODC

3.5%

11.2

9.3

9.0

9.6
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OISCUSSION
study of the stress cracked cable shows that
the cracks were present at a ~30-400 angle to the orientation
direction of processing indicating that the cracking is due to
the combined effects of stresses and environments. In addition
to these observations, the presence of a carbon black particle
in a form of aggregates and the voids arising from the processing
. : combine to form weak points in the system, where the
stress cracking can take place. Differential thermal analysis
(DTA) and X-ray diffraction techniques show that structure disintegration takes place on ageing, , thus resulting in the phase
segregation of the soft and hard segmentsf Furthermore, intrinsic viscosity data reveal that there is a large reduction in
viscosity - hence TPU molec,ular weight during ageing of the cable
This indicates the possiin seawater over a period of 1 year.
bility of chain scission of polyurethane by hydrolytic degradation. PhYSical property data shows an increase in hardness and
density on ageing of cable; this effect is considered to be due
to formation of crosslinking from scission products, or, shrinkage
of the materi al.
~1icroscopic

A hypothesis proposed on the basis of this preliminary
investigation can be suggested as follows:
a)

That cracking of TPU was due to environmental stress
cracking and/or

b)

Due to structure and morphology changes which occur during
the ageing period.

In addition to the above hypothesis, this preliminary investigation
has established the characterisation techniques and experiments for
investigation of stress cracking phenomenon in TPU's.

*

see fig.3·6
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3.2

Environmental Stress Cracking Study on Commercial Thermoplastic Polyurethanes
3.2.1

Objectives

This section is concerned with the ESC study of commercial
TPU materials based on respectively ester and ether polyol backCommercially, thermoplastic polyurethanes are available
bones.
in a wide range of properties due to their versatility in controlling the structure of the material. In this project, the investigation was carried out to study the effects of processing parameters on the structure morphology, and ESC resistance of TPU's.
~1ain objectives of this study are described as follows:
1.

To study the effects of moisture content (by preconditioning
of granules prior to processing) on the structure morphology
and ESC resistance of TPU's.

2.

To study the effects of processing parameters and thermal
history of the TPU materials on their structure morphology
and ESC resistance.

3.

To study the ESC resistance of commercial thermoplastic polyurethanes based on respectively ester and ether polyol backbones.

4.

To investigate the factors that influence the ESC resistance
of TPU's.

5.

To study the effects of chemically active environments and
pressure on ESC of TPU's.
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3.2.2 Experimental Methods
Materials:
TABLE 3.2
List of Commercial TPU Material used for this Experimental Study
Trade Name

Chemical Type

Capro 1an 85 AK Caprolactone based
Estane 58300
Estane 58370
Estane 58360
Estane
5740 x 702
Estane 58137
Estane T1140
Estane 54351

Hardness
Shore

Suppl ier

85A

Elastogran UK Ltd
Subsidiary firm
of BASF
B F Goodrich Co

Po lyether based
Polyether based
(fl ame retarded)
Po lyester based
(fl ame retarded)
Polyester based

78A
82A

Polyester based
Polyether based
Caprolactone based

11

88A

11

650

11

700
78A
85A

11
11
11

Material preparation:
In this research programme the investigation carried out used
as a control the caprolactone based material Cap. 85 AK. (This was
believed to be used in manufacturing the original, failed, telecommunication marine cable).
The injection moulding technique is widely used as a conversion
process for amorphous and crystalline thermoplastics materials. It
is generally practised to study the effects of processing variables
on the structure and morphology of thermoplastic materials and hence
. in this project, this technique was used as a control to study the
effect of processing variables on the structure morphology and ESC
of TPU's. It is well known that usually samples prepared by this
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technique possess internally a large amount of stress, which is
known from the literature to be an important factor in influencing
ESe in polyolefin type thermoplastics.
In addition to the above technique, extrusion techniques were
used to study the effects of processing on the structural morphology and ESe properties of TPU's. The particular processing conditions used for the experimental injection moulding and extrusion
techniques are shown in Table 3.3 and Table 3.4 respectively.
Samples were obtained in the form of dumbells by an injection
moulding technique. In the case of the extrusion technique a flat
sheet was obtained by extruding the Cap. 85 AK material through a
slit die and subsequent quenching in a water bath.

Effects of moisture on ESe of TPU's
It is well known that thermoplastic polyurethane granules are
hygroscopic in nature and absorb moisture from the atmosphere during
storage. In order to investigate the effects of moisture on the
stress cracking properties of TPU's, the granules were conditioned
under humid, dry and room temperature environments as follows:
Conditioning of granules prior to processing:

1.
2.

Granules \~ere predried at 50°C for 72 hours in a dessicator.
Granules were stored at room temperature for a week (approximate relative humidity ~ 55).

3.

Granules were exposed to 84% humidity (supersaturated solution
of Na 2 S04) environments in a closed cabinet for various periods,
i.e. 1 week, 2 weeks, 3 weeks.

The above conditioned granules were then processed by an injection moulding technique using the conditions of sample No 3 described
in Table 3.3.

TIABLE 3.3(a)
Injection Moulding Processing Conditions Used for Cap. 85AK (Bipe1 Machine)
Barrel
Sample No. Temperature
°c

Processing Variable,

Effect of pressure

Effect of injection
tempera tu re

Effect of mould
tempera ture

°c

Mould
Temperature
oc

Injecti on
Pressure
psi *

Feed time
secs

Hold on
time secs

1000
1400
1500
1800
2000

10
10

45
"

1
2
3
4
5

187
"

190

20

"

"

"

"

"

"
"

."
"

"
"

6

185
190
195
210

"

7
8
9

180
187
190
200

10

187

11

"
"

190
"

12

*

·Nozz1e
TE!mpe ra tu re

1000 psi

= 6·9

MPa

"

"

-

"

"
"

"

"

"

"

"

1400
"

"

"

"
"

"
"

"
"

"

"

20
30
50

1400

"

90

"
"

"

"
"

"

TABLE 3.3(b)
Injection Moulding Processing Conditions used for the Estane Compounds.

Processing variable

Ba rre 1
Nozzle
Sample No. Temperature
Tempe ra tu re
°C
°C

(The Suppliers B F Goodrich's Recommendations)

Mould
Temperature
oC

Injection
Pressure
psi *

Feed time
secs

Hold on
time secs

Estane 58300

13

170

175

30

1400

10

90

Estane 58370

14

187

190

20

11

11

11

Es tane Tl140

15

187

180

20

11

11

11

Estane 58360

16

190

210

30

11

11

11

Estane 5740X702

17

195

215

30

11

11

11

Estane 58137

18

195

215

30

11.

11

11

Estane 54351

19

187

190

20

11

11

45

~

1000 psi

= 6'9

MPa

TABLE 3.4
Extrusion Processing Conditions for Cap 85AK (Bone Extruder).
Screw speed 75 rpm
Sample
No

Barrel
ZONE 1

Temperature (OC) Conditions
ZONE 2

ZONE 3

HEAD

DIE

1

165

170

175

180

185

2

165

170

180

185

190

3

165

180

195

205

210
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Postcuring of Caprolan 85 AK Samples prepared by injection
mouldlng technlque
As described in Chapter 1 the thermoplastic polyurethane is
essentially a linear block copolymer and it is made of soft and
hard segments or blocks. It is considered here that during the
processing of such a material structure disintegration (i.e. the
soft and hard segment phase segregation) takes place due to the
combined effects of shear and the heat treatment. As with other
linear polymers, on storage and maturation, structure reformation
wi 11 take place. It is well known that in order to enhance such
structural reformation processes postcuring may be carried out.*
In the present research work, since the stress cracking phenomenon
study is concerned with a low temperature environment, such postcuring is carried out at relatively low temperatures, i.e. 40 0 C
50 0 C and 60 0 C.
Examination of structure and morphology, molecular weight,
propertles an agelng propertles

hysical

The techniques used to study the above properties have been
previously described in Chapter 2. The ageing tests carried out
to study the ESC phenomenon development in TPU's will be given later.

3.2.3 Observations and Results
Since the main objectives of this study on ESC of TPU's is concerned with the Caprolan 85 AK (based on Caprolactone) material, the
effect on this of processing, thermal history before and after processing, and the accelerated shelf ageing studies and observations and
results which pertain to this material will be first discussed.

*

Usually at temperatures in the range 100-1200C (eg typically 1100C).
However it is known that the cracked cable was not postcured and
only shelf aged.
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Differential thermal analysis (DTA) and wide angle X-ray
diffraction techniques were used to investigate the structure
and morphology of samples prepared from the Cap. 85 AK material.
It was found from the initial experiments that the DTA technique
was able to detect a morphological change due to processing whereas
the X-ray diffraction technique was unable to detect any significant
morphology changes.
A study was carried out of physical properties and molecular
weight properties relative to processing conditions. Results obtained
for samples prepared at various injection moulding processing conditions have been analysed as follows:
a)
b)
c)

Effects of injection pressure
Effects of injection temperature
Effects of mould temperature.

a)

Effects of injection pressure:

The DTA study of samples prepared at various injection pressure
conditions revealed that transition peaks appeared in the unprocessed granules at 1100C and 2l4oC (attributed to soft and hard segments
melting respectively); they disappeared as a result of processing.
This effect is attributed to phase mixing
between soft and
hard segments which results during processing when the hot TPU melt
is quench cooled. Typical UTA traces of unprocessed granules and
processed samples by injection moulding technique are shown in
Figure 3.8.
Physical properties, intrinsic viscosity and melt flow index
data are given in Table 3.5. It can be observed that with increasing
injection pressure the intrinsic viscosity increases and the melt
flow index decreases. These results seem to contradict the previous
proposal concerning the observed structure breakdown*phenomenon considered to take place during processing. This increase in the intrin-

*

e.g. molecular order breakdown

Granules
Cl

X

UJ

Cl
Cl
Z

UJ

PrOC(?ssed

+20

+50

+100

+150

+200

+250

TEMPERATURE (C)--------~>fig.3·8:DTA traces of the unprocessed and processed (Injection moulded)Cap.85AK material.
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TABLE 3.5
Effects of Injection Pressure on Intrinsic Viscosity, Melt Flow
Index and Physical Properties of Cap. 85AK Material
Inj ection
Pressure
(ps i )

Density Hardness
kg m-3
( !RHO)

1000
1400
1500
1800
2000

1. 1300
1 .1400
1 .1490
1 .1520
1. 1700

82
85
86
88
88

Modulus
MPa
100%

300%

3.9
4.68
5.2
5.8
6.0

6.1
6.8
7.3
7.5
8.3

Ultimate Intrinsic
tens il e Vi scos i ty
3 -1
strength
m kg
MPa
33.0
38.4
40.0
42.5
46.0

.35xlO- 2
.42xlO- 2
.49xlO- 2
.52xlO- 2
.55xlO- 2

MFI

I

9.6
10.8
8.6
6.6
4.9

(note:lnjection moulding conditions of Table 3·3a for sample 1 to
5 was used)

TABLE 3.6
Effect of Injecti on Temperature on Intri ns i c Vi scos ity, f'ie lt Fl ow Index
and Physical Properties of Cap. 85AK Material
InjecDensity Hardness
tion
Temp-3 (I RHD)
erature kg m

°c
185
190
195
200

1.1300
1. 1400
1.1272
1 .1120

82
85
85
83

r'10dul us
IoIPa
100%

300%

3.9
4.68
4.35
4.00

5.8
6.8
5.6
5.5

Ultimate
tensile
strength
~iPa

28.0
38.4
36.0
33.2

Intrinsi c
Vi scos i ty
m3 k g-,

MFI

.48xlO- 2
. 42xl 0-2
.42xlO- 2
. 38xl 0-2

9.8
10.8
>20
>40

(Note:lnjection moulding condition of Table 3·3a for sample 6-9
was used)

TABLE 3.7
Effects of Mould Temperature on Intrinsic Viscosity, Melt Flow Index,
and Physical Properties of Cap. 85AK Material
Mould
Temperature
°C
20
30
50

Density
Hardness
kg m-3
(IRHD)
1.1400
1 .1600
·1;1700

-

Modulus
r~Pa

100%

300%

85
87

4.68
5.53

6.8
7.5

87

5.57

7.8 .

Ultimate
tensile
strength
MPa

Intrinsic
Viscosity
m3 kg~

MFI

38.4
42.0

.42xlO- Z
.40xlO;:-2
.40xlO- 2

10.8
9.0

. 40.0

. 14.0
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sic viscosity and melt flow resistance of the sample was considered
possibly due to the formation of chemical cross1inking through the
presence of unreacted isocyanate present in the unprocessed TPU
granules. To investigate this concept the infrared spectra of
granules and processed TPU were obtained and are shown in Figure
3.9. It can be clearly observed that the unprocessed TPU possesses
an -NCO- absorption peak at 2300 cm- 1 wavenumber which was observed
to disappear on processing.
Since the chemical cross1inks were only present at low concentration the samples were found to be still soluble in dimethyl
formamide and hence essentially thermoplastic in nature.
Density, hardness and modulus properties were found to increase
with increasing injection pressure, and this effect is attributes to
the increased compaction of the moulded material with higher injection
pressure.

b)

Effects of injection ·temperature:

Table 3.6 shows the effects of injection temperature on the
physical and molecular weight properties of the Cap. 85 AK material.
It can be observed from this table that the physical properties show
an initial increase over the injection temperature range of 185 0 C
to 190 0 C. Above the 190 0 C temperature the reduction in physical
properties, intrinsic viscosity and melt flow index take place.
These effects of reduction in physical and molecular weight properties are considered to be due to the degradation of the polymer from
moisture present in the granules during the course of processing and
a relatively high residence time in the injection moulding machine
(this moisture degradation effect will be discussed later).
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c)

Effect of mould tempe:mture:

The physical and molecular Neight properties results of the
samples prepared at various mould temperatures are shown in Table
3.7. Physical properties data in this table indicates that
increasing the mould temperature results in an increase in physical
properties. Intrinsic viscosity results shoN ,nO, reduction in the
molecular Neight with increasing mould temperature. Melt flow
index data does not fall into a consistent pattern and this inconsistency is thought to be due to the material being in various
states of decay.
The observed increase in the physical properties with increasing
mould temperature is considered to be due to optimisation of chain
reformation occurring as a result of the quenching and hence domain
stabilisation at the' particular mould temperature.

d)

Effects of moisture content:

Results of physical properties and molecular weight properties
of Cap. 85 AK samples prepared from the granules, conditioned in
various environments prior to processing are given in Table 3.8.
Physical properties and molecular weight properties, were found to
decrease with increasing moisture content of the granules; this
indicates that the absorbed moisture causes main chain degradation
during the course of processing. Additionally this can be clearly
observed in that a large initial reduction in physical properties
(i.e. density, hardness, modulus, tensile strength) and molecular
weight properties (MFI and intrinsic viscosity) occurs in the samples
prepared from room temperature stored granules which Table 3.8 shows
to contain 0.8% moisture.
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e)

Effects of postauring:

The concept of structure breakdown on processing and subsequent
reformation of structure on storage and maturation has been suggested
previously and with some experimental evidence. In support of this
concept, it was considered that the process of structure reformation
could be simulated by postcuring of the processed samples. It was
found that on postcuring of the processed samples their phYSical
properties (i.e. density, hardness, modulus) and molecular weight
properties (i.e. intrinsic viscosity, melt flow index) increased.
This increase in properties was enhanced with increase in postcuring
temperature. The results of the effect of postcuring Cap. 85 AK are
shown in Table 3.9 and Figure 3.10. It was found that with increasing the postcuring temperature the transition peak due to the soft
and/or lower order hard segments shifted to higher temperatures as
shown in Figure 3.10. This clearly indicates that on postcuring of
the processed thermoplastic polyurethanes (Cap. 85 AK) the onset
or enhancement of second order molecular regularity occurs, which
results in enhanced physical and molecular weight properties.

3.2.3.2 . Estane compounds
Commercial estane thermoplastic polyurethane compounds were
injection moulded at the supplier's recommended processing conditions'
as described in Table 3.3b. Published 'physical properties data of
these materials have been given in Appendix 1.
Environmental stress cracking studies on these samples were
carried out in various environments and will be discussed later on
in this chapter.
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TABLE 3.8:

Effects of moisture on the physical and molecular weight
properties of Cap. 85AK material

Storage Moisture
Condi tions
Content
%

HardDensity
ness
3
(
[RHD)
kg m-

Dry

1 .1650

87.0

5.3

7.5

42.5

O.78xlO -2

1 .1400

85.0

4.68

6.8

38:4

0.42xlO -2 10.8

1.1310
1 .1220
1 .1205

82.0
80.0
80.0

3.60
3.00
3.20

4.8
4.5
4.5

34.3
30.0
28.3

0.38xlO -2 18.6
>40
0.35xlO -2
0.35xlO- 2 >40

0.05

Room
0.8
tempera tu re

IntrinUl timate
sic Viscosi ty
ten3 -1
sile
300% Strength m kg
MPa

Modulus
MPa
100%

t4FI

3.9

Humid*
Cond itions
1 Wk:
2 Wk:
3 Wk:

1.5
2.0
2.4

* Granules exposed to 84% humidity (supersaturated Na 2S0 4 solution)
at room temperature

TABLE 3.9:

Postcuring
Temperature

Effects of Postcuring on the physical and molecular weight
properties of Cap. 85AK materials
Density

Hardness
( I RHD)

Kg m-3

°c

Modulus
MPa
100%

300%

MPa

Intrinsic
Viscosity
M3 kg- l

Ul timate
Strength

MFI

Room
Temp.
Stored
Mat.

1.1400

85

4.68

6.8

38.4

0.42xlO -2

10.8

300 C
4000 C
50 C

1 .1480
1. 1690
1. 1730

87
88
88

4.9
5.77
5.84

7.1
7.45
7.60

40.6
44.0
48.0

0.48xlO -2
0.54xlO- 2
0.63xlO- 2

9.4
9.0
5.1

**

Standard injection moulding processing condition:

Injection pressure 1400 psi
Mould temperature
20C

Injection temperature 190 C
Hold pntime
45 sec.

FIG.3.10:DTA traces of processed Cap.85AK samples postcured at 30C,40C,50C,for 72 hours;
shows the shift in soft segment transition peak due to increased molecular order.
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3.2.4 Molecular

Estane

Gel permeation chromatography results comparing unprocessed
and processed TPU's namely Cap. 85 AK, Estane 58360 and Estane 58370
samples are shown in Table 3.10. The molecular weights shown
enable the following comments to be derived from these results.
a)

There is a large reduction in molecular weight of the material
during the course of processing by . injection moulding technique.

b)

Polydispersity as shown by the ratio of ~ , of the Cap. 85 AK

~I

n

material was reduced during the processing but still remained
at a high level. This clearly indicates that there was a large propor,tion .1Ilf low molecular weight chains in the system. Similar
results were obtained with the Estane compounds except that
the polydispersity was slightly increased as a result of
processing.

3.2.5

Effects of Extrusion Technique on Structure and tlorphology of Cap. 85 AK

Table 3.11 shows the comparative results of physical and molecular weight properties of the samples prepared at various extrusion
temperature conditions and also for a single set of injection moulding conditions. A comparative study of molecular weight properties
of injection moulded and extruded samples at 190 0 C clearly indicates
that the molecular weight reduction is higher with the injection
moulding technique than the extrusion technique, hence the physical
properties of extruded samples are superior.
DTA examination of the extruded samples revealed that the transition peaks present in granules at 70-80 0 C and 200-220 0 C due to
soft and hard segments, respectively, were retained on processing,
as shown in Figure 3.11.
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TABLE 3.10
GPC t101ecular Weight Data of Cap. 85AK Estane 58360 Ether Based
and Estane 58370 (Ether Based) Compound

Sample

MW/g mol- l
(as if polystyrene)

MI~/Mn

Cap 85AK
processed(l)
"

370,000
115,000

3.1
2.4

Estane 58360
2
processed ( )
"

126,000
69,000

2.1
2.2

Estane 58370
2
processed ( )
"

155,000
81 ,000

2.1
2.4

Several samples from a single batch of Cap. 85AK were measured for
molecular weight and the following values obtained = 370,000, 500,000
900,000. This suggests that the (raw) material undergoes changes on storage
at room temperature.
l.

Injection moulding conditions described in Table 3.3a for
Sample No l.

2.

Injection moulding conditions described in Table 3.3b for
Sample No 16.

3.

Injection moulding conditions described in Table 3.3b for
Samp 1e No 14.
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TABLE 3.11
Physical and Molecular Weight Properties of New material, Injection
Moulded and Extruded Samples of Cap. 85AK TPU

Raw
Injection
Properties Materials Moulded at
Cap. 85AK
190 0 C
Nozzle
emp.190 0 C
Dens i ty
kg m- 3

1.1700

Hardness
(IRHD)

1.1400
85.0

Modulus
MPa 100%
300%

210

1 .1720

1.1775

1 .1725
86.0

6.5
8.5

7.2
9.1

6.3
7.9

38.4

44.5

48.2

42.3

10.8

0.3

0.3

0.6

0.3

Intrinsic
viscosity
m3 kg- 1

0.75xlO- 0.42xlO- 2

strain in
Acetone

190

88.0

MFI

%' Critical

187

88.0

4.58
6.80

Ultimate
tens il e
strength
MPa

Extruded sample at a die
tempera tu re °c

0.75xlO- 2 0.78xlO- 2

0.68xlO- 2

I
43.0

No stress cracking was
ever observed

I

I

rIG.J.11:0TA traces or injectIon moulded & extruded samples et
various die temperatures.

_ _ _...:']njecfion moulded sample
Extruded sampl. at IS7 C

o

x

V

Extruded sample at 190C

w

~-----

I

o
o

z

;__----

htruded s8mple at 210 C

w

o

"'150

+2UO

--------lEHPERATURE (C J - - - - - - - - .

+2~O
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ESC study revealed that an injection moulded sample stress
cracked in an organic reagent (i.e._acetone) at 43% critical strain
whereas extruded samples did not crack in this media even at very
high strains.
It was found that with increasing die temperature the molecular weight and physical properties of Caprolan 85 AK were decreased due to degradation of the material.but did not drop as far as
those of the injection-moulded samples
3.2.6

Environmental Stress Cracking Study on Commercial TPU's

Results of Table 3.12 show the effects of various relatively
mild environments (e.g. seawater detergent) on the ESC of typical
commercial thermoplastic polyurethanes based· on Caprolactone ester,
and ether polyol backbones. Observations and results of the ESC
study are given below:
a)

Caprolan 85 AK (the original cable material):

Injection moulded samples of Cap. 85 AK were exposed to 84%
humidity, 8% detergent solution and two different seawater environments at 45 0 C. It was found that this material was resistant to
stress cracking in detergent and seawater media but it stress cracked
in the 84% humidity environment after an ageing period of 20 months
at 45 0 C. Careful examination of the stress cracked sample revealed
that the stress cracking was due to the combined effects of moisture
and fungus attack. A typical photograph of a stress cracked sample
is shown in Figure 3.12.
DTA study of stress cracked sample revealed that phase separation
of soft and hard segments occurred as a result of ageing as DTA
traces of both unaged and aged samples in the 84% humidity environment over a period of 20 months are shown in Figure 3.13. It can be
observed from these traces that transition peaks due to soft and hard
segments which disappeared after processing, only to reappear on
prolonged ageing in the 84% humidity environment at 45 0 C.

TABLE 3.12:

Effects of Various Environments on ESC of Commercial TPU's
(All tests were terminated after 2 years)

Materials

Hardness % deterShore A gent
Solution
Teepo1
(@ 45°C)
No
effect

Seawater
84% humiGlycerol
dity
(at 45°C)
EnvironUnpolluted Poll utec
ments
(@ 45°C)
B
A
Cracked
after
20 mths

Isopropano1

Ethyl
Acetone
Acetate

Room temperature ( 18°C)
Cracked No
Cracked
(10 secs) stress
cracking

85A

Es tane 58360
(ester)

88A

Cracked Cracked Cracked
(14mths) (18mths) (9 mths)

Cracked
(9 mths)

Estane 54351
(Capro1actone)

82A

No
effect

N-o

Estane 58370
(ether)

85A

Minor
craze

N°

e f f e c t s

stress cracking

Estane 58300
(ether)

88A

Minor
craze

N°

e f f e ct s

, -stress- cracking

Estane T1140
(ether)

85A

Minor
craze

N°

e f f e c t s

-stress cracking

Estane 58137
(ester)
Estane X702
(ester)

700
. N°

e f f e c t s

Cracked
after
18 mths

e f f e c t s

N°

•

Minor
craze
e f f e c t s

THF O/
OMF E

- -

Cap 85AK
(Capro1actone
based)

•

OCM C

Cracked in all media

,

ex>

N

Cracked
10 secs

No
Cracked
stress
cracking

~

-

See overleaf for notes.

(;

650

..

•

Stress
cracking
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Notes on Table 3.12
A = No pollution due to effluent, pH

=

8.01

Site was Little Loch Broom in Western Highlands of Scotland

B = Pollution present from domestic and industrial effluent, pH = 8.13
Site was Firth of Forth, Musselburgh, Edinburgh.

C = Oichloromethane

o = Tetra

hydroforane

E = Oi-methyl-formamide
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FIGURE 3. 12:

FIGURE 3. 14

Photograph of the Cap. 85AK sample ~Ihich cracked in
84;' humidity after an ageing at 45 0 C for 20 months .
(Sample cracked due to combined effects of fungus
and moisture attack)

Photograph of the Esta ne 58360 (ester based) sample
cracked in seawater after an ageing period of 9 month~
at 45 0 C. (Note : sample stress cracked at st rai n away from
the maximum tensile strain) .

FIG.3·13:DTA spectra of Cap.85AK samples onaged,air aged,and 84% hUrilidity .. environment
aged qver a period of 20months at 45C.
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The intrinsic viscosity data of Table 3.13 shows that there
is a reduction in viscosity after ageing in the humid environment
at 45 0 C; this effect can only be due to the hydroly"sis of
polymer.
TABLE 3.13
Intrinsic Viscosity (Molecular Weight) Results of Cap.85 AK,
Material Aged in Different Environments at 45 0 C

Properties

Unaged
Sample

Air aged Sample
at 45 0 C
(relative humidity ~ 40%)

Hardness
(Shore A)
Density
kg m- 3

85.0

90.0

Intrinsic
vi scosity
m3 kg -1

b)

Sample aged in
84% humid
environment at
at 45cC for 20 months
85.0

1.1400

1.1660

1. 1560

0.42 x 10 -2

0.52 x 10 -2

0.31 x 10 -2

Estane aompounds

Estane compounds based on Caprolactone ester, and ether polyol
backbones were used in this investigation. It was found that Estanes
based on the ester polyol backbone (Estane 58360) were susceptible
to ESC in seawater and 8% detergent solution at 45 0 C. Over a
prolonged ageing period thes~ samples were found to stress crack
in seawater and 8% detergent solution after 9 months and 14 months
respectively, at 45 0 C. Also, this material stress cracked in the
84% humidity environment at 4S oC after an ageing period of 18 months.
A photograph of an environmentally stress cracked sample is shown in
Figure 3.14. The physi.cal appearance of the stress crack in all three
environments was found to be a single deep fracture of the specimen.
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Examination of this cracked sample revealed that stress cracking
does not take place at the point of maximum stress. It is considetered here that since the material is thermoplastic then molecular alignment occurs at the point of maximum strain giving rise
to enhanced orientation in this locality and thus making difficulties for the ESC reagent molecule to diffuse into this region.
A DTA study of the samples stress cracked in seawater, 84%
humidity and 8% detergent solution was carried out. Typical DTA
traces of granules, processed TPU and of a stress cracked sample
of Estane 58360 are shown in Figure 3.15. Clearly, it can be observed that on processing the granules the small transition peaks due
to soft and ha rd segments are not changed; however on agei ng in
8% detergent over a period of 14 months, the soft segment transition peak is seen to be well separated from the hard segment transition· peak. 80th transition peaks due to soft and hard segments were
found present in a well defined state in the aged sample; this indicates that phase separation of soft and hard segments takes place
during the ageing period. Similarly, the effects of phase separation were observed with the sample stress cracked in seawater media
after a 9 months ageing period at 45 0C, this is shown in Figure
3.16. Figure 3.16 shows that the surface of the sample has been
considerably more affected than the c,entre of the sample
In order to investigate this observed phase separation phenomenon a hydrolytic stability test for Estane 58360 was carried out at
an elevated temperature ~ 70 oe, over an ageing period of 1 week.
DTA technique was used to monitor the structural morphology change.
OTA traces of this material were obtained after certain ageing periods
and are shown in Figure 3.17. It can be observed that the phase
separation of soft and hard segments occurs at all ageing periods
in water (similar to the low temperature DSe test (Figure 3.15));
but the hard segment transition peak is not vlell defined. Again it
is suspected that this stress cracking in Estane 58360 is brought
about by causing a reduction in the molecular weight of the
polymer.
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In the preliminary investigation (Section 3.1) compressive
stresses were found to be more effective in promoting stress
cracking than tensile stresses. To examine this further observations were carried out on an ester based Estane compound to detect
the type of failure due to compressive forces. It can be observed
from Figure 3.18 that the Estane 58360 cracked from the inside surface of the sample in 8% detergent media after 10 months ageing
periods at 45 0 C, however there was no visible stress craze or
crack on the outer surface of this sample which was in tensile
strain. This indicates that the stress cracking is more influenced
by compressive forces than by tensile forces.
Estane compounds based on the ether polyol backbone (Estane
58370) were found to be resistant to stress cracking in seawater,
detergent and 84% humidity environments at ageing temperature of
45 0 C. However ether based samples did stress crack in both glycerol
and alcohol media. Comparative photographs of ether based Estane
58370 samples cracked in the above media are shown in Figure 3.19.
Also a photograph comparing the ester based Estane 58360 and
ether based Estane 58370 samples exposed to 8% detergent media for
14 months at 45 0 C showed the ether based Estane compounds to possess
relatively'good resistance to ESC (see Figure 3.20).
OTA examination of the stress cracked sample of ester based
Estane 58360 revealed that the phase separation of soft and hard
segments occurs (Figure 3.15-3.17); however with ether based Estane
58370 exposed to similar conditions showed a unique single thermal
transition peak, formed as a result of hydrolytic ageing (see Figure
3.21). This clearly indicates that the occurrence of a two phase
structure in ester based material is mainly due to the degradation
of the polymer main chain, whereas molecular realignment predominate
in ether based material being mainly due to the thermal history of
the materi al.
Melt flow index (MFI) of raw material, processed and aged
samples of Cap. 85 AK and Estane compounds was measured. These results
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FIGURE 3. 18:

Photograph showing the ESe in Estane 58360 io
8% detergent solution at 45 0 e after 10 months due to
compression forces .

FIGURE 3. 19:

Photograph shOl~ing the stress cracking behaviou!i of
Estane 58370 (ether based) in glycerol ~ alcohol.
and seawater envi ronments'"
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FIGURE 3.20:

ETHER

Photograph showing a comparison of stress cracking
behaviour of ester and ether based compounds in 8%
detergent solution at 45 0 C over a period of 14
months.
(Note: Estane compounds stress cracked after 14
months and 45 0 C)
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are given in Table 3.14:
TABLE 3.14
Melt Flow Index Results of Granules, Processed and Aged Samples
of Cap. 85 AK and Estane Compounds
Raw
Material

Materials

Injection
Moulded
Sample

Aged in 8%
Detergent
for 14
months at
45 0 C

Aged in sea
water for 9
months at
45 0 C

19.0

18.0

Cap. 85 AK
(capro 1actone)

0.3

10.8

Estane 58360
(ester)

3.6

19.5

Estane 58370
(ether)

14.8

23.6

>40

20.0

>40

22.0

Examination Table 3.14 of r·1F! results show that the stress
cracked samples of ester based Estane compounds have a very high
MFI value, indicating a large reduction in the average molecular
v/eight of the material. This is considered to be due to the ageing
effects (i.e. hydrolytic attack) of seawater and 8% detergent solutions.
In the case of the ether based material the value of MFI is "Diy
slightly increased: this indicates that only molecular alignments
takes place and it is these that help give polyethers improved ESC
resistance. The Caprolactone TPU shows a doubling of MFI on ageing
in seawater and detergent media indicating degradation.
3.3.7

Pressure Induced Environmental Stress Cracking in TPU's

Cap. 85 AK and Estane compounds were used to study the effects
of pressure on ESC of TPU's. The main object of these experiments
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was to simulate the deep sea immersion ageing conditions of the
telecommunication marine cable in the laboratory with laboratory
prepared samples of commercial TPU's. Ageing tests were carried
out at 40 psi, 80 psi and 100 psi pressure in seawater environments for 6 months. It was found that the ageing period of 6
months at an ambient temperature was not sufficient to produce
any ESC in TPU's being studied.
It was not considered desirable to accelerate any ESC effects
by means of chemically active environments because the high pressure
would cause the organic reagent to diffuse into the samples and
relax the applied stress thus giving a false result. After this
six month high pressure ageing period, the Caprolan 85 AK and
Estane compounds were characterised for their structure morphology
and flow properties. DTA and X-ray results showed no changes in
the structure and morphology properties as a result of ageing.
HO~/ever, the melt flow index data indicated significant changes in
the average molecular weight of the material (see Table 3.15) as
a result of high pressure exposur~
TABLE 3.15
Melt Flow Index Data of Unaged and High Pressure Aged Samples of
Cap. 85AK and Estane Compounds
Caprolactone
Cap.85
AK

Ether
Estane
58370

0.3

14.8

3.6

4.0

20.4

Injection moulded
sample

10.8

23.6

19.5

13.2

34.8

Injection moulded
sample aged in sea~
water at 80 psi/
6 months

11. 7

29.4

30.0

19.0

25.3

Material

Raw material

Ester Capro~
Estane lactone
58360 Estane
53451

Ether
Estane
Tl140
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3.2.8 ESC Resistance of the Commercial TPU's in Chemically
Actlve Envlronments
As described in Chapter 2.2, chemically active reagents were
selected to study the effects of processing and other,therma1 history
effects on the ESC of TPU's. This accelerated test method was
used to determine the critical strain value at which the material
stress cracked in a particular ESC reagent.
Table 3.16 shows the results of critical strain measurements
of Cap. 85 AK and Estane compounds in the acetone and isopropanol
media at ambient conditions. The mechanism of the stress cracking
of TPU' s by the organi c reagent wi 11 be di scussed ~Ii th the experimental evidence at the end of this section.
The results of Table 3.16 are now analysed according to the
processing conditions used and other thermal history effects as
fo 11 ows.
a}

Effects of the injection pressure:

Table 3.16 clearly shows that the critical strain value of
the Cap. 85 AK material sample increases with increasing injection
pressure. This data supports the concept described in Section 3.2
of some chemical cross1inking taking place during the processing
as this increases the intrinsic viscosity 'and decreases the ri101ecu1ar chain scission (see Table 3.5); also ESC is known to decrease
~Iith the onset of cross1inking in a polymer.
Effects of injection temperature
It can be observed that a slight improvement in the ESC resistance occurs when the injection temperature is increased from 185 0 C
to 190oC, but above this temperature the critical strain value of
the material decreases with increasing injection temperature.
Effects of mould temperature
By increasing the mould temperature a reduction in the critical
strain value was observed. Again, this is contrary to the concept
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of molecular alignment which takes place on thermal heat treatment
of the material. This effect is attributed to a reduction in
;internal stresses due to the high mould temperature!

Effects of moisture and postcuring
As with the physical and molecular weight properties, a reduction in stress cracking resistance takes place with increasing
moisture content of the granules.
It can be observed that the ESC resistance of the postcured
sample is continuously improved with increasing the postcuring
temperature. This effect is attributed to the increasing molecular realignment of the polymer chains.
A comparative ESC study of the Estane compounds based on the
Caprolactone, ester and ether polyol backbone in organic reagent
revealed that Caprolactone based TPU has superior ESC resistance
to that of ester and ether based TPU. The latter being worst "
amongst these three TPU's. Moreover, it can be observed from the
results of Table 3.16 that Estane compound based on higher -NCOcontent does not stress crack at all in the organic reagent
(Estane 5740 x 702 (650)).
Example:

Estane 58137
Hardness Shore 070
Estane 5740 x 702 Hardness Shore 065

Since the ESC reagents have been selected on the basis of the
'H'- bonding parameter concept, Estane compound based on Caprolactone, ester and ether polyol backbone were tested for critical
strain value in the water (water has 'H'-bonding parameter of 32).
It was found that TPU based on the ester polyol backbone stress
cracked at 330% tensile strain in water, whereas TPU based on caprolactone and ether polyol did not stress crack at all in water. This
is believed to be due to molecular orientation which takes place at
high strain, thus it prevents the diffusion of the water molecules.

- -

~-

~

-

--~
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TABLE 3.16
Critical Strain Value of Cap. 85AK and Estane Compounds in Acetone
and Isopropanol Media at Ambient Conditions
Material

Processing
Variables

Variable

Cap. 85AK
(Caprolactone)
Injection
moulded

Injecti on
pressure
(ps i )

1000
1400
1600
1800
2000

Isopropano 1

52.0
58.0
60.0
65.0
75.0

No
stress
cracking

185
190
195
200

55.0
58.0
45.0
43.0

Maul d
temperature
(OC)

20
30
50

58.0
60.0
62.0

Moisture
content (%)

0.05
0.80
2.00

89.0
40.0
35.0

30
40
50

62.0
68.0
75.0

(0C)

Injection
moulded
Estane
58300
(ether)

I

Acetone

Injection
temperature
nozzle °c

Postcuring
for 72 hours

Cap. 85AK
Extruded
sample

% Critical !Strain Value

Die
t8mperature
( C)

187
190
220

No stres!
cracking
"

-

-

-

-

4.0

25.0

Estane
Tl140
(ether)

-

-

16.0

45.0

Estane
58370
(ether)

-

-

25.0

30.0

Continued ••
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TABLE 3.16 continued

Estane
58360
(ester)

-

-

Estane
58137

-

-

No stress cracking

Estane
5740x702
(ester)

-

-

No stress cracking

Estane
54351
( Caprolactone)

-

-

5.0

95.0

60.0

No
stress
cracking

101

3.2.9

ESC of Commercial TPU's in Organic Reagents:
of a Possible Mechanlsm

Evidence

In Chapter 2 a concept of selection of ESC reagent for TPU's
has been suggested. Experiments were designed to obtain evidence
to support this suggested mechanism for ESC occurrence on TPU's
in organic reagents.
A 25g sample of commercial Cap. 85AK material was melt pressed
between two platens at 190 0 C, and subsequently quenched in a mixture
of cold water and methanol solutions to produce a film consisting
predominantly of an amorphous structure. Samples were prepared for
infrared and microscopy study. After taking an infrared spectra and
microscopic photographs of the structure of the material, the samples
were immersed in various organic reagents (i.e. isopropanol, ethyl
acetate, acetone e.g of different 'H'-bonding parameter) for 2
minutes at room temperature. After immersion the film was dried and
an infrared study made for NH-bondsand a microscopic study of this
morphology was made. Results obtained are shown in Figures 3.22
and 3.23.

3.2.10 Discussion
Thermoplastic polyurethane is essentially a long chain linear
polymer made up of soft and hard segments. As with the other commercial thermoplastic polymers, thermal history and the processing ,conditions have a pronounced effect on structure and morphology of the
thermoplastic polyurethanes (TPU's).
a)

Effects of processing conditions on the structure and
of commercial Cap 85 AK TPU

morpho~ogy

It has been found by DTA examination that on processing the
commercial TPU based on caprolactone (Cap. 85 AK) the thermal transitions due to soft and hard segments disappears. This indicates that
there is a phase mixing
of soft and hard segments and as a result
a random structured polymer is obtained.
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FIG.3·22: Infra-red spectra of Cap.85AK film exposed to
various organic reagents showing the breaking
-NH- bonds~
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Fig.3·23: Photomicrograph showing the crystal texture of Cap.BSI
film treated with various reagen~
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Finally a large reduction in the molecular weight of the polymer can
occur during the injection moulding process. Also, the polydispersity of the polymer system is very high; this indicates that the
level of low molecular weight polymer chains is high (Table 3.10).
Complexity in understanding the effects of the processing conditions
on the structure and morphology of the TPU, arises from the followi ng factors:
a)

The material structure is
additives.

b)

TPU contains unreacted (free) isocyanate, and as a result it
forms chemical crosslinking during the course of processing.

unkno~m

and it is diluted with the

Results of Table 3.5 confirmed the above concept of formation of
chemical crosslinking by unreacted isocyanate since increasing the
injection pressure the molecular weight properties should have
decreased but instead an increase in the molecular weight has;been
observed.
It has been observed that with increasing injection temperature
some reduction in physical and molecular weight properties takes
place (Table 3.6). This effect is considered to be due to combined
effects of shear and thermal degradation of the polymer chain.
Results of Table 3.7 shows that increasing the mould temperature
the molecular weight and physical properties have. been found to
improve. It is considered that since the material is thermoplastic
in nature, the molecular mobility of the system is enhanced by increasing the mould temperature. However some inconsistency in the
results is found probably arising from the formation of allophanate
crosslinks which may have been formed by the reaction with atmospheric
moisture and the broken chains during the course of the processing.
Results of Table 3.8 show the effects of moisture content on
the physical and molecular weight properties of the commercial
Cap. 85AK material. Due to the hygroscopic nature of the TPU's
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granules airborne moisture can be absorbed from the atmosphere
either internally or externally (i.e. surface absorbed). This
absorbed moisture is liberated at the elevated temperature conditions of processing and it is considered to attack a carboxyl
group of the polymer chain and cause chain scission of the polymer
chain. This effect has been increased by the presence of high shear
stresses in the injection moulding technique. The process of chain
scission (i.e. hydrolysis and/or mechanical scission) results in
a deterioration of the physical and molecular weight properties
of the polymer as observed in Table 3.9.
Up to this stage, the phenomenon of phase segregation of soft
and hard segments and of polymer chain scission during the course
of the processing has been discussed. However, as with other
linearpolymers chain reformation probably takes place during
the course of storage which is a maturation period at room temperature;
usually the material is stored well above its glass transition temperature. This effect of chain reformation can be considered as
enhanced by thermal heat treatment (i.e. postcuring). Table-3.9
and Figure 3.10 offer evidence that perhaps chain reformation can
occur when TPU's are postcured at relatively low temperatures
(e.g. 30 0 , 40 0 , 500 C). It is considered by this author that possibly
second order molecular alignment is increased with increasing postcuring temperature since the molecular mobility of the system will
be high at higher postcuring temperatures. As a result of such molecular alignment, the transition peaks due to soft and hard segments
are seen to better define and also shifts to higher temperature values,
this is shown in Figure 3.10. If the thermal heat treatment is
carried out for a long period, the resulting material should possess
a sin~e thermal transition peak due to the presence of both soft
and hard segments co-crystal lites; this effect has been observed
with ether based Estane 58370 compound (see Figure 3.21).
Significant structure breakdown and molecular weight reduction
was observed only with the injection moulding technique. Cap. 85 AK
material processed by the extrusion technique showed no structure
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morphology changes or any molecular weight reduction of the polymer.
Results of Table 3.11 clearly shows that the molecular weight and
physical properties of the sample processed by the extrusion technique is superior to that of the injection moulded sample. As a
result of this, the material has extremely good cracking resistance in an organic reagent.

b)

ESC study of cOlTD7lercial TPU' s

An environmental stress cracking study of commercial thermoplastic polyurethanes based on Cap. 85AK in various relatively
mild environments (i.e. seawater, detergent) at 20 0 C and 45 0 C
reveals that this material has good resistance to mild environments. However the Cap. 85 AK material stress cracked at 84%
humidity after 20 months of ageing at 45 0 C and this is believed
to be due to the combined effects of hydrolysis and microbiological
attack (fungus attack). An experiment has been carried out to study
the effects of laboratory fermented e.coli bacteria from nutrient
alga on the ESC of TPU at 380 C; :This short period exposure of bent
sample to bacteria did not show any stress cracking or any significant changes in structural effects.
Molecular weight rropert,- results of Table 3.13 show the
reduction in (intrinsic viscosity) molecular weight of the material
exposed to 84% humidity over an ageing period of 20 months at 45 0 C.
As a control the same material aged at 45 0 C in air showed an increase
in the intrinsic viscosity, this indicated that the humid environment
causes the chemical degradation (i.e. hydrolysis) of TPU otherwise
the molecular weight should have increased as observed with air aged
samples at 45 0 C.
Estane compounds based on ester and ether polyol backbone
were found to stress crack in alcohol media. Ester based estane
compounds were found to be stress cracked in 8% detergent, seawater,
and 84% humidity environments at 45 0 C. DTA traces of Figures 3.15 and
3.16 clearly shows the phase separation of soft and hard segments due
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to the ageing conditions. Photograph of Figure 3.13 shows that
the stress cracking of the sample occurs at a particular strain
lower than the maximum strain, and forms a single crack across
the width of the sample. An explanation of this stress cracking
phenomenon can be proposed as follows.
From the above observations and results the stress cracking
in the ester based Estane compound is considered here to be due
to the combined effects of hydrolysis and applied stresses. It
is considered that the ESe in TPU can only occur if the ESe reaagent can exert a polar effect on the polymer and it has a tendency
to diffuse into the polymer system. Detergent and seawater (i.e.
water) molecules are highly polar and small in the size so in theory
they can exert on a polymer chain the effects attributable to polar
liquids and thus reduce the forces of attraction between the polymer
chains. Since the TPU is under external stresses it tends to rupture
and thus forms a microcraze which facilitates the diffusion of the
ESe reagent and as a resul t crack propagation may process. It is
well known that the diffusion of small molecules· into a highly
oriented or crystalline region is difficult (54); the stress
cracking in this sample does not take place at the maximum strain
region. The compressive forces are considered to reduce the formation
of a molecular order in a polymer system and thus aid the onset of
ESe by producing a localised region Qf lower density. Samples under
tensile strain can produce orientation effects and have higher localised density, all of which help to exclude a liquid reagent (Figure
3.17).
Photographs, Figure 3.20, show a comparison of the stress cracking resistance of the Estane compounds based on ester and ether
polyol backbone in 8% detergent solution at 45 0 e over an ageing
period of 14 months. Ether based Estane compounds show a verrgood
resistance to ESe in 8% detergent, 84% humidity and seawater media.
However,theystress cracked in glycerol and isopropanol (see Figure
3.19). This clearly indicates that the water molecules do not have
·a'sufficient strong polar effect to reduce or break the forces of

108

attraction between the polymer chains. If the ESC reagent has
some polar effects on the polymer chain, then molecular alignment
takes place and thus improves the ESC resistance; this effect is
shown in Figure 3.21 (A single transition peak is obtained on
ageing in·8% detergent after 14 months at 45 0 C). Also, MFI
of Table 3.14 support the above concept where the MFI value has
been found to decrease on ageing; this indicates that the average
molecular weight of the material has increased.*'·
Pressure induced environmental stress cracking study reveal
that the diffusion process of ESC reagent molecules can be enhanced
by use of the pressure. Table 3.15 shows some increase in r·1FI
value of the material on high pressure ageing; this indicates that
the diffused water molecules are probably causing polymer chain
scission.
Environmental stress cracking study of TPU was carried out in
an organic reagent to investigate the effects of processing on the
ESC of TPU's. A mec.hanism of ESC'lin organic' reagent' has been proposed
with the experimental evidence at the end of this,section.
Table 3.16 shows the critical strain value at which the material stress cracked in a particular organic reagent media. The effect
of processing and thermal history can be summarised as follows:
Parameter
Injection pressure
Injection temperature
Mould temperature
Postcuring temperature
Moisture content

ESC resistance
Increas i n9
Increasing
Increasing
Increas i ng
Increas i ng

,

Increases
Decreases
Increases
Increases
Decreases

Also, following trends may be deduced from the % critical
strain value measurements:

* i.e

water although potentially a stress cracking agent in fact
only plasticises the TPU'slightlYihowever this allows the rearrangement of the polymer chains to a more ordered structure.
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a)

For exposure to organi c reagents ESC resi stance of the
commercial TPU's is in descending order of Caprolactone
~ ester> ether.
However in terms of long term ESe resistance to seawater the ether is more resistant than the
Caprolaetoneand ester.

b)

By increasing the hard segments in the material the ESC
resistance is improved; for example: the high isocyanate
content Estane 5740 x 702 (hardness Shore D70) is superior
to all other injection moulded TPU's of lower NCO content.

c)

Proposed mechanism of ESC of TPU's in organic reagents:

In Chapter 2, the concept of selection of the ESC reagent
has been discussed. The possible mechanism of environmental stress
cracking of TPU's in organic reagent is now described as follows:
In thermoplastic polyurethanes, three types of 'H'-bonding
takes place (see Figure 1.4, Chapter 1), and this is one of the
most important influencing factors governing the mechanical properties of the TPU's. These three types of 'H'-bonding take place at
ester-urethane, ether-urethane and urethane-urethane linkages. It
is considered by this author that if these forces of attraction between polymer chains are weakened or broken by an organic reagent
(with proton donor efficiency) then the ESC will take place. In
order to select such organic reagents the 'H'-bonding parameter of
the organic reagent has been related to that of the TPU's. Using
the concept of 'H-bonding parameter' it has been possible to produce
the ESC type failure in a few seconds. Mechanism of the stress
cracking of TPU in organic reagent has been illustrated in Figure
3.24. It is clearly shown in infrared spectra of Figure 3.22 that
the percentage of NH bonds reduces by a large amount when the ori~
ginal caprolactone based TPU film exposed to acetone media. This
indicates that the forces of attraction between polymer chains has
been reduced (i.e. the H-bonding has been broken) and as a result
the molecular mobility of the system has been increased.
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Microscopy study of TPU films exposed to ESC reagents reveals
that crystallite formation occurs in those films where the ESC
reagent has an 'H'-bonding parameter close to that of the polymer.
For example, this is observed as Cap. 85 AK film exposed to acetone
as shown in Figure 3.23.

Figure'3-24:Suggested Mechanism of 'H-bonding' scission
by ESe chemically active reagent_
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3.3 Environmental Stress Cracking Study on Synthesised Thermoplastic Polyurethanes of kno~m Structure
3.3.1

Aim of Present Work

Environmental stress cracking studies so far have dealt with
commercial TPU's. Chemical structure and morphology of these
commercial thermoplastic polyurethanes is unknown and in addition
to this the materials were diluted with additives. Hence, in order
,
to investigate the effects of chemical structure on ESC phenomenon
in TPU's, various linear polyurethanes of known chemical composition were synthesised in the laboratory.
Linear polyurethane elastomers were produced from various
diisocyanates and polyol using a common chain extender (1,4 butane
diol) and their stress cracking properties were studied in the
various organic reagents. Objectives of this research work are
now outlined:
1.

To study the effects of various types of polyols based on
ester, caprolactone, and ether structures on the ESC resistance of TPU's in organic reagents.

2.

To study the effects of the molecular weight of pOlyol on the
ESC of the resultant TPU's.

3.

To study the effects of molar ratio of the polyurethane constituents on the ESC of the TPU's.

4.

To study the effects of the structure of diisocyanates on the
Ese of TPU's.

5.

To attempt to improve the ESC of TPU's by usinQ some novel
diisocyanates (e.g.
p'phenylene diisoGYanate or l,4-cyclohexane diisocyanate) or by insertinq a small amount of crosslinking into the polyurethane system.
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3.3.2

Raw Materials

The following raw materials were chosen for the preparation
of the linear thermoplastic polyurethane elastomers.
a)

Diisocyanates:

Table 3.17 outlines the chemical structure and properties of
the various diisocyanates used in this research work.
TABLE 3.17
Properties of the Oiisocyanates used in the Synthesis of TPU's
Trade Name

MOl-modified
MOl
Suprasec MPR lsonate 143L

Chemi ca 1
name

4,4'-diphenyl 4,4'-diphenyl trans.l,4,
methane diiso methane diiso cyclohexane
cyanate
cyanate
diisocyanate

Structure
Molecular
Weight
Melting
poi nt (0C)
Purity

o'~~'" oc~C"~-<El'"

I

250.2
3SoC

CHOl
Elate 166

(

PPOl
Elate 160

iI p-phenylene

diiso~yanate

P::::;!"CO IO(~Nc.o

250.2

166.18

160.13

-

58-62°C

94-95 0C

99.5%
t~odi fi ed
NCO .conten qow%NCO~29.3
35%

Sp.Gravity

1.19 at 50°C

-

Form

White to
pale yellow
flaked solid

Liqui d
amber

Suppliers

ICI Ltd
England

Upj ohn Po lymer (Europa)
AG
Netherl ands

99±1%
Coritent
NCO 50.57%

99±1%
52.5%

1.116at700C 1.170 at 100°C
White flaked
solid

Col ourl ess
flaked sol i d

Armak Co. &
AK20 Chemie
Netherlands
,
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b)

PoZyoZ:

The polyols used in this experimental work are shown in the
following table (3.18).
TABLE 3.18
Selection of the Polyol for the Synthesis of TPU
Trade Name

Chemical Type

Molecular
Weight

Cap a Series

Polycaprolactone
diol

1000-4000

Elastophen
2002

Copolyester diol
Hexane diol/Neorentyl glycol

2000

BASF Ltd

Terecol
2000

Polytetramethylene
ether glycol

2000

Dupont (UK) Ltd

c)

Supp 1i ers
Interox Chemicals Ltd

Chain Extender:

1,4 Butane-diol, being one of the most widely used chain extenders for urethane synthesis was selected. Also, trimethylol propane
has used a triol crosslinker to obtain a controlled crosslinked
polyuretharie.
(1,4 Butane diol was supplied by GAF (GB) Ltd.
propane was supplied by BDH Chemicals (UK) Ltd.

Trimethylol
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3.3.3 Synthesis
A melt polymerisation technique was employed to provide
reproducible reaction conditions and homogeneous polymers. The
following procedure was followed in synthesising the thermoplastic
polyurethanes.
1.

The required amount of polyol was degassed under vacuum at
90-95 0 C for 1~-2 hours to remove any dissolved moisture and
trapped air.

2.

Similarly the diisocyanate was separately melted and dried
in an oven at 90-95 0 C for half an hour at atmospheric pressure.
Note: A vacuum oven, unpressurised was, used to prevent escape
of the NCO vapour.

3.

-.' Diisocyanate of the required amount was transferred
into a five necked reaction vessel, placed in a·900 C oil bath.
Dried polyol was added to this by means of a pressure equalising
funnel with continuous stirring. The reaction was carried out
for an hour under a nitrogen blanket,

4.

Chain extender was dried and degassed at 85 0 C under vacuum for
half an hour. Dried chain extender was then transferred to the
prepolymer containing reaction vessel and dispersed by stirring and
the reaction was allowed to go to completion with continuous stirring and under a nitrogen gas blanket •

5.

The fully reacted polymer was then cast onto a predried and warm
aluminium tray previously lubricated with silicone release agent,
Contour 1711 or 1812*.

6.

The cast polymer was then postcured in a hot air oven at 1300 C
for 24 hours.

*

Supplied by 'Compounding Ingredients' of Manchester.

•
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The above method of synthesis was used with the conventional
4,4'-diphenylmethane diisocyanate (MOl) type systems. However, due
to the higher melting point and volatility of the diisocyanate
PPDl and CHDl synthesis was carried out at a relatively higher temperature with shorter reaction times. (i.e. Prepolymerisation time
= 10-15 mins. at 1100C and chain extension time = 5-7 mins at 95 0 C).
Some of the cast TPU sheet was then granulated and subsequently
processed through a rectangular slit die using a Davenport capillary
rheometer at a processing temperature predetermined from DTA data.
Physical properties, structure and morphology, and ESC resistance of these materials in the organic reagents were then measured.

3.3.4 Polymer Structure
These synthesised polyurethane samples were characterised and
analysed to determine their structure and morphology which could be
expected to have a direct influence on mechanical and environmental
stress cracking properties. The following analysis was carried out
for each sample:
Density and solubility·
Thermal analysis
X-ray diffraction
Infrared characterisation
Melt flow index
Molecular weight (by intrinsic viscosity)
The above structure and morphology property measurements were carried
out on the unprocessed (e.g. cast) polyurethane TPU's. However,
additionally the effects of processing on the molecular weight properties of the TPU's were investigated since this has been found to be
one of the most important factors influencing the environmental stress
cracking in thermoplastic polyurethanes.
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i)

Density and solubility

Density and solubility properties of a polymeric material is
known to indicate the amount of linearity or cross1inking which
exists in the polymer chain (ref 51). The density of the prepared
samples was measured by density gradient column at 23 0 C. Results
of Table 3.19 show the densities of urethane samples synthesised
in the laboratory. Density value of these polyurethanes lies in
the range of 1.05 to 1.22 kg m-3
It can be observed that the density of the TPU's increases
with increasing molecular weight of the po1yo1, increasing molar
ratio (i.e. hard segment content) cross1inking, and with the introduction of the short chain diisocyanate (p-PDI, CHDI). Also the
density of the thermoplastic polyurethanes based on the ester backbone po1yo1 is higher than that of its ether analogue TPU. Density
of a polyurethane material is largely controlled by the presence
of hard segments in the system. It is considered here that with
increasing molecular weight of a material, the molecular mobility
of the system is enhanced and this results in the formation of additional hard segments. Since the hard segment acts as a type of
physical cross1ink then the increase in hard segment or cross1inking
by means of increasing molar ratio, short chain diisocyanate and/or
chemical cross1inking can be expected to result in an increase of
density and this is observed.
The linearity of the TPU's synthesised was confirmed by determining their solubility in dimethyl formamide (DMF). A small sample
of the material was shaken in DMF using an electric shaker until it
completely dissolved. All the samples dissolved at room temperature
between 1 to 8 hours except the cross1inked material prepared from
Isonat 143L/Capa 212/1.4 butane dio1 which was insoluble, as expected,
and thus provided a control.
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ii)

Infrared studies of hydrogen bonding in urethanes

As described in the earlier sections intermolecular forces
including hydrogen bonding, affect final physical properties of
urethanes. Also, the hydrogen bonding properties has been regarded
by this author as one of the most important factors influencing the
stress cracking properties of the thermoplastic polyurethanes.
The polyethers and polyesters from which urethane elastomers can
be obtained, vary in structure and consequently they can contain
different proton-acceptor groups. This is also valid for other
reaction intermediate"like chain extension agents. Hence the extent
and possible forms of hydrogen bonding (H-bonding) is dependent on
many factors including their electron donating ability and relative
proportion and spatial arrangement of the proton-acceptor groups
in the polymer chain.
As described in Chapter 1, Figure 1.4, three types of H-bonding
are possible in urethane elastomers resulting from urethane-urethane,
urethane-ester, urethane-ether linkages (i.e. carbonyl groups of
urethane, and ester groups, and ether oxygens).
It should be noted that whereas all three types of H-bonding
are possible in the polyester-urethanes, however, only two types
(carbonyl groups of urethane and ether oxygens) are possible in the
polyether-urethanes. The types of H-bonding in urethanes can be
assessed on the basis of a study of the infrared spectra of those polymers
in the region of their valency vibrations of the N-H and C=O groups, the
bonds corresponding to these being the most sensitive to the formation
of H-bonds. An absorption region attributed to free or bonded -NH-,
-C=O-, and -COC- is outlined in Table 3.20.
The attenuated total reflectance (ATR) spectroscopy technique
was used to study the H-bonding in the synthesised TPU. Results
are shown in Table 3.19 and the following observations can be made.
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TABLE 3.19:
Structura 1 Propert i es of the Synthes i sed Known TPUs of Known Compos i t ion

MATERIALS

Molar
Ratio

I.? i5"-

DensitYI~

kg m- 3

..=.~

,
~

Tg
(OC)

Tm

'-

0-0

~E'-

'"

+-''Vl 0

0
'-

>, >,~
'"
'u+-'::>

0

V)

l~o~~

1 : 2: 1
1: 3: 2
1 :4: 3
1: 5: 4

1.1200
1 .1280
1.1320
1. 1400

Yes
Yes
Yes
Yes

-20
-15
+10
+22

+165
+185
+185
+195

Amorphous

1 : 2: 1
1: 3: 2
1: 4: 3
1 : 5: 4
1 :8: 7

1.1280
1. 1350
1.1400
1.1600
1.1750

Yes
Yes
Yes
Yes
Yes

-35
-30
-23
-17
- 5

+170
+175
+180
+180
+195

Capa 230/MDI/
1 ,4-BD
(3000 m.wt)

1 : 2: 1 1. 1350 Yes

-30

Capa 240/MDI/
1,4-BD
(4000 m.wt)

1 : 2: 1 1. 1440 Yes

Elate 160/1,4
BD Cap a 220
Capa 230
Capa 240
Capa 220

1 : 2: 1
1 : 2: 1
1 : 2: 1
1 : 3:2

1.1632
1 .1650
1.1780
1.2197·

Isonate 143L/
Capa 212/
1,4-BD

1 : 2: 1
1: 3: 2
1 : 4: 3
1: 5: 4

Capa 212/MDI/
1,4-BD
(1000 m.wt)

I

,

.r- .-- Q)

-0
W
-0 -0

u

'-0

+-' 0

we

'-,

'" .0
4- ::c

,

e z:

~

0

'" '"

~

~

":>:

55
62
68
68

8.9
8.5
8.0
6.5

25
30
30
40
50

53
58
64
68
79

5.1
4.5
1.2
1.2
0.8

+175

35

60

1.8

-30

+180

48

64

0.66

Yes
Yes
Yes
Yes

-55
-40
-45
-40

+220
+230
+230
+230

40
60
80
55

68
85
87
88

-

1 .1466
1. 1460
1. 1530
1.1650

No
No
No
No

-30
-30
-25

55
58
58
55

-

-10

+165 Amorphous
11
+170
11
+175
11
+180

--

Capa 220/MDI/
1 ,4-BD + TMP

1 : 3: 1 1.1480

No

-25

+180

Amorphous

53

-

Elate 166/1,4
BD Capa 220
Capa 230
Capa 240
Capa 220

1 : 2: 1
1 : 2: 1
1 : 2: 1
1 : 3: 2

Yes
Yes
Yes
Yes

-55
-45
-30
-50

+220
+220
+210
+220

40
54
65
45

68
70
75
65

-

Capa 220/MDI/
1,4-BD
(2000 m.wt)

1 .1232
1.1345
1 .1420
1. 1420

11
11
11

-

-
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TABLE 3.20
Absorption Frequency of the H-Bonded and Non-Bonded -NH-, -COand -COC- Groups (68,69).
No.

Type of
Bond

Intensity

Absorption
band
(wa ve 1ength)

Comments

3300 cm -1
3460 cm- l

Hydrogen bonded (-NH-)groups
Free (-NH-) groups

Medium
"

1703 cm -1
1733 cm- l

H-bonded (C=O) groups
Free (C=O) groups

Stronger

1000 cm -1
-1
1140 cm

Complexities arise from the
bands due to assymetric
ester stretching vibration

a

-N-H bond Weak
shoulder
"

b

-C=O"

c

-COC-

a)

It can be observed that the percentage of -NH- bonds increase
with increasing molar ratio of NCO/OH (i.e. increase in the
hard segment content).

b)

H-bonding in the TPU's increases with increasing the molecular
weight of the polyol; as observed with p~pheylene diisocyanate
and trans 1-4 cyclohexane diisocyanate.

The above effects of variation in H-bonding are attributed by
the author to the extent to which molecular alignment is possible
and to the level of the hard segment constituent present in the system.
Correlation between the H-bonding properties and the physical and
stress cracking properties will be discussed later on in this chapter.
i i i) Differential thermal analysis ([)TA) study
The DTA technique was used to study the structure and morphology
of the synthesised TPU material. Also, it is useful for the dete~tion
of glass transition and melt transition temperature of the urethanes.
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In thermoplastic polyurethanes two transition peaks usually appear
on the OTA spectra at 60-BO oC and 170-2100 C due to the presence of
soft and hard segments respectively. Some typical examples of the
DTA spectra obtained from laboratory synthesised TPU's are given
in Figures 3.25 to 3.26. The following observations can be made
from the above OTA spectra.

a)

Effects of molecular weight of polyol:

Figure 3.25(a and b) clearly show that increasing the molecular
weight of the polyol increases the crystallinity in the soft segments and hard segment; ;:
this is consi dered due to the
high molecular mobility of polymer chains of the high molecular
weight TPU. However the transition peak due to hard segments become
broader with increasing the molecular weight of the polyol.

b)

Effects of molar ratio:

It is well known that with increasing the molar ratio (NCO/OH)
increases the hard segment content in the system, and as a result
of this a sharp melting transition peak due to hard segments is
obtained at a higher temperature; this is shown in Figure 3.26.

c)

Effects of diisocyanates:

Thermoplastic polyurethanes based on p-pheylene and trans-l,4
cyclohexane di i socyana tes showed more pronounced phase sepa ra ti on
effects than conventional MDI based TPU's. Also, it can be observed
from Figure 3.25a and 3.25b that with increasing molecular weight of
the polyol, soft segments crystallinity is increased; however no
sharp melting· transition peak has appeared due to the hard segments.
It is considered that thermoplastic polyurethanes based on p-PDI
show higher molecular regularity (i.e. soft segment crystallisation)
with increasing the molecular weight of polyol compared to its analogue
the CHDI based TPU.

~.
1 "4

Glass transition and the melt transition temperatures of the
synthesised TPU's are given in Table 3.19.

iv)

Wide angle X-ray diffraction study:

The wide angle X-ray diffraction study confirmed the results
obtained from the DTA study. Sharp intensity peaks due to the
existence of crystalline regions were obtained at the 20.5 0 and 23 0
angle of 28. Since the intensity peak at 20.5 0 is higher than the
intensity peak at 23 0 this reveals that a considerable amount of
molecular orientation exists in the sample. Results of the X-ray
diffraction study has been expressed in the form of crystallinity,
or molecular order, in Table 3.19 and a typical example of the X-ray
diffracti on data obta i ned is gi ven In Appendix3

3.3.5

Physical Properties

Physical properties (i.e. modulus, hardness, elongation at
a break) of the melt processed samples of laboratory synthesised
materials were measured. It is not in the scope of this thesis to
discuss in detail the effects of various reaction constituents of
TPU on the strength properties. This concept has been studied in great
detail by Schollenberger (50) and other research workers (33,37,40).
a)

Effects of molecular weight of polyol

Table 3.21 shows the effects of molecular weight of polyol on
the physical properties of the resultant thermoplastic polyurethanes.
Clearly it can be observed that with increasing molecular weight of
polyol, the specific gravity and elongation at break and modulus
increases, however, hardness and tensile strength show a decrease
with increasing molecular weight of polyol.

~

I
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b}Effects of molar> ratio of a polyol!NCO!ehain extender>:

Tables 3.22a and 3.22b record the effects of molar ratio on
the physi ca 1 properti es of the TPU' s. It is appa rent from the
results obtained that with increasing molar ratio the hardness,
specific gravity, modulus and ultimate tensile strength were
increased, whereas the elongation at break was decreased. This
effect is attributed to an increase in hard segment content
with increasing diisocyanate content and/or chain extender.

c}

Effects of isocyanates:

As mentioned in Chapter 1.2 structure of the reactants is. one
of the most important factors governing the physical properties. of
TPU's. Basically, the flexibility and toughness of the polymer is
dependent on the macro and micro structure of the final reaction
constituents. If one of the intermediates is a low molecular weight
material and possesses bulky groups then the resultant polymer chain
will have less flexibility but higher modulus properties. Results
of Table 3.23 show the effects of diisocyanate structure on the physical properties of the resultant TPU's. It can be observed that
trans-l,4 cyclohexane diisocyanates (CHDl) polymer has lower specific
gravity, lower ultimate tensile strength and higher elongation at
break due to the aliphatic nature when compared with its analogue
4,4,diphenyl methane diisocyanate (MDl) and p-phenylene diisocyanate
(p-PDl); the latter has a rigid benzene ring in the structure. The
TPU based on PPDl has a higher hardness, specific gravity, modulus,
elongation at break but similar ultimate tensile strength to its
MDl based analogue. TPU's based on CHDl and pPDl have a higher modulus value compared to TPU based on MDl and this is considered to be
due to crystallisation of the soft segments in the CHDl and PPDl
based polymers. The TPU based on the liquid type of MDl (isocyanate
143L)* produced a lightly crosslinked network and gave a polymer with
a higher modulus value but lower elongation at break than its pure
MDl analogue.

*

Isonate 143L has functionality greater than 2.
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TABLE 3.21
Effects of the Molecular Weight of Diel on Physical Properties
of Resultant TPU's
Polycaprolactone Diol/MDl/BD at 1/2/1 Molar Ratio

Polycaprolactone diol
Molecular weight Mn

.
1250

2200

3000

400CJ

Sp. gravity
Hardness (IRHD)

1. 1200
80

1 .1280
65

1. 1350
50

1 .1420
55

100% Tensile stress
(MPa)

2.65

2.07

6.9

7.8

300% Tensile stress
(MPa)

6.9

7.14

10.34

12.3

Tensile strength MPa

41. 38

31.0

35.0

Elongation at.break
(%)

500

34.5
600

680

800
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TABLE 3.22{a)
Effects of Molar Ratio on the Properties of TPU's Prepared from
Polycaprolactone diol/MDl/14 BD
Mole ratio of
peD/MDl/BD

1: 2: 1

1 : 3:2

1 : 4: 3

1:5:4

Sp. gravity
Hardness Shore 0
100% Modul us ~1Pa
300j; Modu 1us MPa
Ultimate Tensile
Strength MPa
Elongation at
break %

1.1200
30
2.65
6.9

1.1280
45
14.6

1.1320
55
16-80

1.1400
60

-

-

41038
500

I, 34.5
300

-

20.32

10.34

150

80

!

TABLE 3.22(b)
Effects of Molar Ratio on Physical Properties of TPU's based on
2200 Nn Polycaprolactone Diols
Mole ratio
of peD/MDl/BD

1: 2: 1

1 : 3: 2

1 : 4: 3

1: 5:4

1 :8: 7

Sp. gravity
Hardness Shore A

1.1280
65

1.1350
85
30
4.2
6.9

1 .1400
90
40
7.0
13.8

1.1600
95
45
14.3
24.13

1. 1750
60
38.0

49.7

46.3

41.2

0

100% Modulus MPA
300% Modulus MPa
Tens il e strength
MPa
Ultimate elongation %

-

2.08
4.2
34.5
600

34.8
600

520

460

-

150

TABLE 3.23
Effects of Structure of Diisocyanate on Physical Properties of TPU
(Synthesised in molar ratio of 1:2:1 Cap a 220/isocyanate/1,4-butane dio1)
Hardness
(IRHD)

Sp.Gravity

100%
Modulus
MPa

300%
Modu1 us
MPa

Elongation
at
Break

Tensile
Strength
MPa

4,4'-dipheny1 methane
diisocyanate (MOl)

65

1. 1280

2.07

7.14

600

34.5

4,4'-dipheny1 methane
di i socyanate
I sona te 143L

76

1.1350

5.5

9.5

520

39.5

p-pheny1ene diisocyanate
(pPDl)

94

1.1950

6.2

11.4

650

34.2

trans l,4-cyc1ohexane
diisocyanate (MDl)

90

1.1232

7.2

10.1

750

22.0

Diisocyanate
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3.3.6

ESC Resistance of the Synthesised·Tnermoplastic·polyurethanes of KnownChemlcal Structure

Table 3.24 shows the critical strain value of the thermoplastic
polyurethanes (samples produced by casting) in acetone media. The
aim of these experiments was to investigate the effects of TPU
structural variables on their ES C resistance to organic reagents.
This investigation was intended to determine the chemical factors
that could minimise or prevent the stress cracking of TPU's. The
following information can be derived from the results of Table 3.24.
a)

The existence is now established of a critical strain value
for a conventi ona 1 TPU system based on Caprol actone po lyo 1/
MDI/l,4 butane diol and this is found to increase with increasing molecular weight of the polyol and the molar ratio of
the reaction constituents. For example, the TPU based on the
Capa 240 i.e. 4000 molecular weight, and the higher polyol/
NCO/OH molar ratios of above 1/5/4 showed no stress cracking at
very high strain in acetone media at room temperature.
Effects of polyol molecular weight are clearly exhibited in
the TPU's based on p-phenylene diisocyanate, where no stress
cracking occurs in TPU's based on polycaprolactone of molecular
weight above ~ 2000.

b)

Thermoplastic polyurethanes based on p-phenylene diisocyanate
showed extremely good resistance to ESC and in general was better
than both CHDI and MOl based TPU's.

c)

TPU based on Isonate l43L has a slightly crosslinked network and
perhaps as a result of this its ESC resistance to organic reagent
was found superior to pure MOl. However Isonate l43L samples
of high molar ratio (above 1:2:1), stress cracked after relatively short ESC ageing periods of only a few weeks; this was
a reversal of the usual pattern based on MOl urethanes.
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TABLE 3.24: Critical Strain Value of Cast TPU Samples in Acetone
Media
Molar Ratio

% Critical Strain
in Acetone

1 : 2: 1
1 : 3: 2
1 :4: 3
1 : 5: 4
1 : 2: 1
1: 3: 2
1 :4: 3
1: 5: 4
1: 6: 5
1: 7: 6
1: 8: 7

42
50
85
No stress cracking
55
65
No stress cracking
"
"

Capa 230/MDI/l,4 BD

1 : 2: 1

No stress cracking

Cap a 240/MDI/l,4 BD

1 : 2: 1

No stress cracking

Capa/p-phenylene di-isocyanate/1,4 BD Capa 220
230
240
220

1 : 2: 1
1 : 2: 1
1 : 2: 1
1 : 3:2

50
No stress cracking
"
65

Capa/Cyc1ohexane diisocyanate/l,4 BD
Capa 220
230
240
220

1 : 2: 1
1: 2: 1
1: 2: 1
1 : 3: 2

45
87
No stress cracking
70

1: 2: 1
1 : 3: 2
1 :4: 3
1 : 5:4

No stress
ESC after
ESC after
ESC after

1 : 3:2

ESC after 12 weeks

Material
Capa 212/MDI/l,4 BD

Capa 220/MDI/l,4 BD

Isonate 143L/Capa 212/
1,4 BD

Capa 222/MDI/14 BD + TMP

"

"

cracking
10 weeks
12 weeks
16 weeks
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3.3.7

Ester, Ether
1n a onunon

Thermoplastic polyurethanes based on the polyether, polyester
and polycaprolactone polyols have been synthesised with trans 1,4
cyclohexane diisocyanate and 1,4 butane diol in a molar ratio of
1 :2:1.

Results of structure and physical properties of these materials
before and after melt processing are given in Table 3.25G The following observations can be made from the results of Table 3.25.
a)

Density of the TPU has been found in ascending order of
ether, ester and caprolactone based TPU's.

b)

The glass transition temperature of the ether based material
is very high compared to ester and caprolactone based TPU's;
in contrast the melting point of the TPU based on caprolactone is higher than that of both ester and ether based TPU.

c)

Molecular weight properties were reasonably similar showing
only relatively small differences between various TPU's except
that intrinsic viscosities and MFI's value of ester and caprolactone polyol based TPU were slightly higher than that of the
polyether; this is believed to be due to the higher 'H'bonding of these polyether polymer systems.

Since the formation of 'H'-bonding and other intermolecular
forces of attraction is easier with an ester, type caprolactone
polyol based TPU's, the physical properties of this material has
been found to be much higher than that of the ether polyol based TPU
(see Table 3.23). From the results of Table 3.23, it can be clearly
observed that caprolactone polyol based TPU is superior in strength
properties to the ether polyol based (Teracol 2000) TPU. The poor
physical properties obtained from the Elastophen 2000 polyester
bdsed TPU's are surprising and perhaps due to its non-synunetrical
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TABLE 3.25:

Structure and Physical Properties of TPU Bond as
Ether, Ester, and Caprolactone Polyol Backbone

Polyol
Molar ratio

ETHER*
Teracol 2000

ESTER*
El as?Wrf?hene

1 : 2: 1
QJI
'-QJC>
cue::

CAPROLACTONE*
Capa 220

1 : 2: 1
I

S-C)0l

QJ u

e::

4- 0,,,,,

...., 0

QJ'-Vl
co Co Vl

0<1: Co Vl

or-

4-'-Vl

QJI
'-QJC>
cue::

'+- 0 · ....

QJ'-Vl
co Co Vl

1: 2: 1
I
'-QJC>
QJue::
..j..)

0',-

4-'-Vl

0<1: Co Vl

QJI
'-QJC>
cue::
4- 0'""

QJ'-Vl
co Co Vl

I
'-QJC>
QJue::
..j..)

0',-

4-'-Vl

0<1: Co Vl

Structure properties
1. 0576_ 1.0900 1. 11 09 1.1090 .1252 1,.1220
Density kg m-3
Solubility in
Yes
DMF
Yes
Yes
Yes
Yes
Yes
Glass transition
-75
~50
-68
(Tg) °c
-45
-55
-51
Melting transition
Tm
+205 +208
+220
+220 +220
+220
Infrared % NH
bonded
62
65
55
58
68
65
% Crysta 11 i nity
10
15
25
35
40
42
Intrinsic Visco- 0.40x 0.38x 0.36x 0.35x 0.42x 0.44x
10- 2
sity m3 kg- l
10- 2
10-2
10- 2 10-2
10-2
MFI
4.4
4.6
4.6
5.2
5. 1
5.8
Physical properties
Hardness (Shore A)
Modulus MPa 100%
300%
Ultimate tensile
s treng th (MPa)
Elongation at
break (%)
Tear strength
kN m- l

8300
4.1

80.8
4.3

-

-

8.0

90
5
6.6

88
5.8
6.8

90
7.2
10 .. 1

88
7.8
11.0

802

10.1

3.8

22.0

23.8

275

285

520

510

750

680

29.0

34.0

34.0

39.0

185.0

189.0

* Polyol were reacted with Elate 166 CHDI & 1,4 Butane diol
A Processed by Davenport Rheometer at 210 0 C
B Processed by Davenport Rheometer at 220 0 C
C Processed by Davenport Rheometer at 220 0 C
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structure as it is a copolymer of neopenty1g1yco1 and hexane dio1.

Effects of Processing
Extrusion:

These TPU's based on the ether, ester and capro1actone po1yo1
backbones, were processed by extrusion rheometer to produce a
sheet. ~lateria1 was extruded at a suitable temperature predetermined from OTA data subsequently quenched in cold water. Physical
properties results given in Table 3.23 showed no significant difference in the properties between cast and melt processed samples.
For example, ester and ether-based material's intrinsic viscosity
is only reduced by 0.02 x 10- 2 m3 kg- 1 and 0.01 x 10- 2 m3 kg- 1
respectively on the melt processing. These laboratory prepared
TPU samples showed only a relatively small reduction in molecular
weight due to processing compared with the previously well established effects of the large molecular weight reductions observed
with the commercial TPU's (see Table 3.10).
Injection mouZding:

Additionally, the laboratory prepared TPU's were injection
moulded and in this process also they showed little molecular weight
and physical properties reduction due to the processing; results
are shown in Table 3.27.

3.3.8

Environmental Stress Cracking Resistance .=.of~:.,:.:.:;-;,,;,=.:=
1astlc Polyurethanes Based on Ether, Ester
lactone Po yo Backbones
rganlc eagents

The wide range of organic reagents were selected for these experiments on the basis of their 'H'-bonding parameters.
The mechanism of ESC in the thermoplastic polyurethanes has been
discussed at the end of the discussion in Section 3.2.10(c).
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Results of Table 3.26 show the comparative critical strain
values of ether, ester and caprolactone based TPU's in various
liquids of different 'H'-bonding parameters. It can be observed
that the %critical strain value of the TPU is decreased as the
'H'-bonding parameter of the liquid becomes closer to the polymer
H-bonding parameter. Liquids having an 'H'-bonding parameter value
well above and below that of the polymer behave as swelling agents,
whereas liquids having an 'W-bonding parameter close to tha-t of
the polymer acts as stress cracking agents. If the 'H'-bonding
parameter of the liquid is almost the same as that of the polymer,
liquid acts as a solvent.
Analysis of the results of Table 3.25 revealed that the caprolactone based TPU has a superior Ese resistance to that of the ester
Elastophen 2002 and ether, Teracol 2000 based TPU. TPU's based on
the ether polyol are in general found to be the poorest with respect
to ESe resistance in organic reagents.
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TABLE 3.26:

Solubility and 'H' Bonding Parameters of Liquids
and their Effects on Stressed TPU Based on Ether
Ester and Caprolactone Polyol Backbone

Liquid

Methanol
Ethanol
n-Propyl alcohol
I sopropano 1
Cyclo hexanone
Methyl ethyl
ketone
Acetone
Diethyl formamide
Dimethyl formamide
Methyl formamide
Glycerol
Water
Ethyl Acetate
Ethyl benzoate
Dimethyl sulphoxide

Solubil ity
Parameter -3
(Cal cm )

Hydrogen
Bonding
Parameter

Ether*

14.3
12.9

19.8
17.7

38.0
34.0

64.0
62.0

11.9
11 .5
9.7

18.7
16.7
13.7

32.0
25
14

68.0
60.0
45.0

No effect

9.3
9.8

10.5
12.5

55.0
6.0

65.0
10.0

S
44.0

10.6

11. 7

S

S

S

12.1

11. 7

S

S

S

16.1
21.1
23.5
9.1
8.2

12.0

S
65%

10
No effects

40
No effects

39.0
8.4
6.3

-

-

-

30
SW

60
SW

SW

12.9

7.7

30%

40%

95 - 120%

9.5

12.0

1-2%

1-2%

10 - 15%

8.7

0

Tetrahydro
furan
Carbon tetrachloride

S
SW

=

=

Sol vent
Swelling agent

-

(Melt Processed Sample)
Critical Strain for
crazin'3
Ester*"' Capro lactone
=

No effecl No effect

**

*

No effect
11

11

SW

S~J

No effect

Estimated 'H'bonding parameter
Poly(ether-urethane)
Poly(ester-urethane)
Poly(ester-urethane)
(caprolactone)

13·5
12'D

11 • 5
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TABLE 3.27:

Physical and Mol. Wt. Properties Result of Cast
and Injection Moulded TPU (Laboratory Synthesised)
Capa 220/MDI/l,4 BD (1:2:1)

Properties
Density kg m-3
Hardness Shore A
Modulus MPa 100%
300%
Tensile Strength MPa
Elongation at break %
MFI
Intrinsic Viscosity
(m 3 kg- l )

Cast Sampl e

Inj ecti on
Moulded*

1.1280
65
2.08
4.2
34.5
600
5.1
0.44xlO -2

1.1300
64
2.30
4.6
34.0
580
8.1
0.40xlO -2

* Injection moulding conditions on Bipel machine
Barrel temperature
Nozzle temperature
Mould temperature
Injection pressure
Feed time
Hol d on time

1400 psi
10 sec
60 sec
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3.3.8 Discussion
Environmental Stress Cracking Study of Laboratory Synthesised TPU
of Known Structure 1n the Organic Reagents
The ESC study of the synthesised known structure thermoplastic
polyurethanes has been concerned with the investigation of the
effects of domain-structure, crystallinity and type of chemical
backbone on stress cracking in TPU.
Effects of Molecular Weight of Polyol
An attempt has been made to investigate the effects of molecular weight of the polyol on the structure morphology and ESC
properties of the TPU. Results of Table 3.19 show that increasing the molecular weight of the polyol, resulted in increased
intermolecular forces of attraction between the polymer. Infrared
studies show that the %-NH- bonds increases with increasing the
molecular weight of the polyol. Moreover, the structure regularity
of the material was found to increase with increasing molecular
weight of the polyol, since the flexibility of the chain is increased and thus, the molecular mobility of the system is enhanced,
Further, the high molecular weight polyol yielded the TPU with the
higher molecular weight together with higher intermolecular forces;
the physical properties of the TPU increases with the increase in
molecular weight of the base polyol.
DTA results of the TPU based on trans 1,4, cyclohexane diisocyanate and p-phenylene diisocyanate shows that increasing the molecular weight of the polyol increases the % crystallinity of the TPU's
(see Figure 3.25a and b).
Organic Solvent ESC
Environmental stress cracking study of these TPU's in organic
chemically active environments_revealed that the material based on
high molecular weight polyol does not stress crack in this media, see
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Table 3.24. It is c.onsidered that the good ESC resistance of the
TPU based on high m.o1ecu1ar weight p.o1y.o1 and MOl, 1,4 butane dio1
is mainly due t.o tW.o reasons:
1.
2.

Mol. wt . .of the polymer is very high.
C.ombined effect .of the molecular weight and the crystallinity
in the p.o1ymer.

Basically, if the 1.oW m.o1ecu1ar weight p.o1ymer chain has been present
in the polymer. then these 1.oW m.o1ecu1ar weight polymer chains can
easily be plasticised by an ESC reagent. As a result of this the ESC
in the TPU will take place. Since it is difficult to s.o1vate a high
m.o1ecu1ar species and/.or to diffuse into crystalline regi.on (55).
the TPU·based .on a high m.o1ecu1ar weight p.o1y.o1 is resistant' to
environmental stress cracking.
Effects .of m.o1ar rati.o
Results of Table 3.19 clearly sh.owed that with increasing
the m.o1ar rati.o (e.g. the hard segment c.ontent) of the reactant,
the crystallinity, density and % NH b.onding has been increased.
It is c.onfirmed by the OTA spectra .of Figure 3.26 that increasing
the m.o1ar rati.o resulted in an increase in crystallinity .of the TPU.
Since the hard segment of the system acts as a physical cr.oss1ink,
the resultant TPU has a high m.odu1us, stiffness and strength pr.operties with 1.ower e1ongati.on at a break. The results .of Table 3.22a and
b Sh.oW the physical properties data .of the TPU's based .on Capr.o1actone po1yo1 .of 1000 and 2000 m.o1. wt. with vari.ous m.o1ar ratios.
Simi 1ar effects for modu1 us and stiffness pr.operti es were .observed.
As menti.oned earlier, the ESC reagent cannot penetrate into a
crystalline or int.o a hard segment .orientated regi.on, hence the TPU's
based .on higher m.o1ar rati.o are resistance to environmental stress
cracking in .organic reagent (see Table 3.24). A1s.o since the hard
segment acts as a physical cr.oss1ink, ESC reagent cann.ot diffuse
easily in this cross1inked network.
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Effects of type of diisocyanate
Main aim of this research work was to study the effects of
structure of the diisocyanate on the ESC of TPU's. Results of
Table 3.19 show that the TPU's based on p-phenylene diisocyanates
has a higher crystallinity, NH bonding and the density compared
to the material based on more flexible molecular structured MDl
and CHDl. Since the p-phenylene diisocyanate has only a benzene
ring in its structure this restricts the mobility of the polymer
chain in the TPU network. As a result of this the physical properties i.e. modulus, hardness, density, are much higher than TPU
based on MDl diisocyanate. (See Table 3.23). Due to the regularity
obtained in the polymer chain by this diisocyanate, the crystallinity is very high compared to conventional MDl based TPU's.
Again, this reflects on the ESC resistance of the TPU. Table
3.24 clearly shows that the TPU based on p-phenylene diisocyanate
has much higher critical strain value in acetone media, compared
to MDl and CHDl based TPU's.
A comparative study of type of backbone on the ESC of TPU's
is shown.
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An attempt \~as made to study the effects of the structure
of polyol on the final structure morphology, physical properties and ESC resistance of the TPU. Results showed that the
TPU based on caprolactone has a better structure morphology,
physical and ESC properties than TPU based on ester and ether
polyol backbone. It is considered here that this effect is
due to the symmetrical structure of the caprolactone enhancing
the intermolecular forces of attraction between polymer chains,
and thus it improves the structure and physical properties.
This was reflected with respect to ESC properties of these TPU
in various organic reagents. ESC resistance of these TPU's in
organic reagents was in descending order of caprolactone > ester
> ether (see Table 3.25).
Concept of the bonding parameter was
found to be useful in determining the organic reagent as an
active or inactive environment. The mechanism of ESC in the
organic reagent is discussed in Chapter 4.
Effects of processing
Since the reduction in molecular weight of the commercial
TPU was observed during melt processing, laboratory synthesised
materials were extruded by Davenport Rheometer and injection moulded on the Bipel machine. Results showed only some reduction in
molecular weight due to processing (see Table 3.25 and 3.27).
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CHAPTER 4
GENERAL DISCUSSION AND CONCLUSIONS
4.1

Discussion

Previous chapters have dealt specifically with a review of
thermoplastics polyurethane materials and experimental work from
synthesis through to structure-property correlations; specifically the environmental stress cracking (ESC) properties of
TPU's. In the present section broad evaluation of the thermoplastic polyurethanes (both commercial TPU's and laboratory
synthesised TPU's) will be discussed with respect to their processing and structure morphology relationships, and the relationships between these and the ESC resistance of the processed TPU's.
Stress cracking in thermoplastic polyurethane was considered
in early stages of this research to be due to the following factors:
a)
b)

That cracking TPU was due to only ESC and/or
Due to structure and morphology changes which occurred during
the ageing period.

Preliminary investigation of the environmental stress cracked
telecommunication marine cable revealed that the molecular regularity and the molecular weight of the TPU was reduced on seawater
ageing (see Figures 6 and 7).

of injection moulding processing conditions and thermal
l.e. postcurlng on structure and mor ho ogy ropertles
It is well recognised that thermoplastic polyurethanes are linear
long chain polymers made up of alternating soft and hard segments.
It was observed that during the injection moulding process these
soft and hard segments undergo phase ~ixing
and as a result
a random structured TPU is obtained. Further the bulk commercial
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TPU's were found to contain inconsistencies in their structure
and morphology and to have retained a small percentage of free
isocyanate in their granules (see Figure 3.9). The inconsistency
in the structure morphology and physical properties arises from
the free isocyanate, which is believed to react with the polymer
chains to produce chemical crosslinks (see Table 3.5).

MO 1e c u1a r restructuring

of the TPU system can be enhanced by postcuring (61). Further,
DTA studies reveal that the transition peak due to the soft segment is refined and shifted to higher temperatures due to postcuring of the TPU.
Due to the hygroscopic nature of the TPU material, e.g.
Cap. 85 AK material, this was found to absorb the moisture on
storage. An attempt was made to investigate the role of the
absorbed moisture on the physical and structure morphology properties of TPU's. The results showed that increasing the moisture
content of the granules resulted in a reduction of physical and
molecular weight properties. Such reduction in the physical and
molecular weight properties was reflected with respect to the
ESC resistance of the material in organic reagents which was
reduced with increasing moisture content in the granules (see
Table 3.17).
This effect has been ·attributed to nucleophilic
attack of moistune on the polymer chains. Reaction mechanism of
moisture with polymer chain is described at the end of this
section. In addition to the above surface absorbed moisture, the
atmospheric moisture also attack s the processed TPU sample and is thought
forms allophanate crosslinks; this is another factor which can
result in variations in the final physical properties of the injec tion moulded samples.
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Effects of processing technique
An attempt was made to study the effects of processing technique on the structure morphology and physical properties of Cap
85 AK. TPU, Results showed that a large reduction in the molecular weight of the TPU samples occurs during the injection
moulding process; whereas the extrusion process did not show any
significant molecular weight reduction in the TPU sample. As a
result of this the extruded sample exhibited better physical properties and ESC resistance to that of the injection moulded sample
(see Table 3.11).
Environmental stress cracking study on commercial TPUs in seawater
and related enVlronments
Results of ESC. study on commercial TPU's based on caprolactone, ester and ether polyol in these various relatively mild
environments showed the following stress cracking behaviour of
the TPU's:
a)

TPU based on caprolactone polyol backbone was found to be
immune to 8% detergent and seawater environments at 4SoC,
however a TPU cracked in a 84% humidity environment at 4SoC,
over a period of 20 months. Further the stress cracking was
found to be due to the combined effects of fungus (microbiological degradation) and moisture attack.

b)

The TPU based on the ester polyol backbone stress cracked
in all three media as follows:
i)
ii)
iii)

after 9 months ageing in seawater environments at 4S oC
after 14 months ageing in 8% detergent solution at 4S oC
after 18 months ageing in the 84% humidity environment
at 4S oC
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c)

The TPU based on ether polyol backbone was immune to seawater, 8% detergent solution, and 84% humidity environments
at 45 0 e. However this TPU stress cracked in 100% glycerol
solution after 1 week ageing at 45 0 e.

The ESe for the ester and caprolactone polyol based TPU
was in the form of a single fracture at a particular strain
location lower than the point of maximum strain. This effect
is considered to be due to greater molecular alignment taking
place at the point of maximum strain and as a result of this the
ESe reagent cannot penetrate into this region. This is derived
from the concept of fringe micelle model which will be discussed
below •
Examination of the environmental stress cracked samples for
their structure and morphology revealed that the phase separation
of the soft and hard segment takes place as a result of the ageing
(see Figures3.l5-l71 However, the estane compound based on ether
polyol backbone showed that thecocrystallisation of the soft
and hard segments occurred as a result of the thermal history on
the TPU during the course of the ageing period (see Figure 3.21).
Molecular weight properties results confirmed the
above concept of the cocrystallisation of soft and hard segments
(see Table 3.14). Also, the concept of phase separation of soft
and hard segments due to the ageing was later confirmed by hydrolysis ageing tests carried out at elevated temperatures; lOoe in
water. Results of DTA examination (Figure 3.17) showed the progreSSive phase separation of soft and hard segments due to the
hydrolysis or polymer chain scission o"curring as a result of
ageing in water at 70 oe.
Accelerated, or chemical induced ageing tests for ESe study
on commercial TPU's.
Results from the attempts to use pressure to accelerate ESe
showed that pressure can be used to simulate actual deep depth
marine telecommunication cable environments for laboratory
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accelerated ageing purposes. This study revealed that there is some
reduction in molecular weight properties of TPU's due to the attack
by the diffused moisture in the sample (see Table 3.15).
Alternatively, the examination of chemically active environmental stress cracking reagents proves that accelerated Ese
studies of various TPU's is effective at ambient conditions.
By using this concept, it was possible to rapidly investigate
the effects of processing, thermal history and moisture content
on the ESe of TPU's. Results showed that the predrying of granules prior to processing and optimisation of other processing
condition variables can considerably improve the ESe resistance
of TPU's.
A comparative study of the ESe properties of commercial TPU's
based on ether, ester and caprolactone polyol backbones in organic
reagents showed that TPU based on caprolactone has a better ESe
resistant than ester and ether based TPU's (see Table 3.17).
It should be noted that this is contrary to the ESe phenomena
observed in the relatively mild environments, where ether based
TPU has a better resistance to ester and caprolactone based TPU's.
(see Table 3.12).

Ese study of laboratory synthesised TPU's of known structure in
orgam c reagents
TPU's which contain the symmetrical chemical constituents
(e.g. certain diisocyanates, or polycaprolactone), or to have
high molecular weight polyol, higher NCO/OH molar ratio, have
better ESe resistance; further their physical properties are
better since those symmetric components are believed to enhance
the molecular regularity, intermolecular forces and crystallinity
of TPU's.
An attempt was .made to study the ESe of these TPU's based
on caprolactone, ester and ether polyol backbones in various
organic reagents. Results confirmed the ESe resistance observed
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with the commercial TPU's based on these polyols. [SC resistance
of the laboratory synthesised material was in descending order of
caprolactone > ester> ether, polyol based TPU's. Also the concept
of 'H-bonding parameter' was very useful in the initial selection of [SC reagents as using this concept it can be predicted
whether an organic reagent is an active or inactive environment
for TPU's.
Mechanisms of [SC in TPUs
There have been two different mechanisms sugoested in the
past Tor the [SC in thermoplastic polymers (17). (Conventionally
[SC concept is applied to polyolefins). These mechanisms are
outlined as follows:
An initial step is believed to involve adsorption of a
monolayer of polar molecules (which could be water), on the
surface of a micro- or submicrofissure in the polymer; with the
adsorptive.energy contributing a spreading pressure which, when
added to the other stresses present, produces a resultant force
which exceeds the cohesive forces of the polymer at the apex
of the fissure and as a result of this crack propagation occurs.
The initial step is believed to involve adsorption of a
monolayer of polar molecules on the surface of a micro- or submicro-fissure in the polymer, and these swell the tip of the micro
or sub-micro fissure and as a result the energy required to create
a new surface area is reduced and the crack propagation occurs.
Since the environmental stress cracking of phenomenon in TPU is
considered to be due to the combined effects of hydrolysis and
applied stresses, together with the breaking of 'H-bonding' by
the [SC reagent. A modified mechanism on the basis of the above
concept is outlined as follows:
It is suggested that the molecular structure of TPU is similar
to a fringe micelle model*as shown in Figure 4.1.

*

This is supported by the evidence presented by Cooper and
Tobolsky(SO)
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_----a
..........---_ _--b

FIGURE 4.1:

Schematic representation of the fringe micelle
model (5)
a) = highly ordered or crystalline region
b) = disordered or amorphous region

In the case of TPU's, the region (a) is known to be a highly
ordered hard segment and region (b) is a soft segment. When
this type of material is exposed to small molecule reagents,
the reagents tend to adsorb on the surface of the material, and
then diffuse into TPU network by either exerting polar effects
or by a physical diffusion process. It is well established that
the polar effects can be easily extended into the disordered or
amorphous region. As a result of this the forces of attraction
between polymer chains will be reduced, and with combined effects
of applied stresses, the initiation of cracks and crazes is made
possible. This concept is supported by the results of ESC study
of both commercial TPU and laboratory synthesised TPU in organic
reagent; whereas ESC resistance of the material was found to be
better with the TPU based on symmetrical structure constituents
(e.g. capro1actone polyol based, diisocyanate bond on p-PDI)
higher molecular weight po1yo1, higher molar ratio (NCO/OH) and
slightly crosslinked network. However,_ such TPU's are susceptible
to hydrolytic attack by water and this is proved to result in some
molecular chain scission. ESC in TPU is made further possible due
to the combined effects of moisture and the previously described
applied stresses.
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Nucleophilic attack on the ester and urethane links of
the TPU may occur due to the moisture as illustrated in the
following diagram.
FIGURE 4.2:

Nucleophilic attack on ester and urethane links
by moisture in TPU's

Chain A

a)

~

.l ~-

~ (moisture aHack)

oIf ChainB r 811 /(J

R-C-O-R--+R..,~C-····

l

0
•

U

I

O-R ----- R-C-OH ... R OH

Chain scission at the H-bond site by nucleophilic attack
at an ester link

b)

r

1

Chain A -~t;i

-

I

r

9/

Ch a in B
R-NH-c.D-OR ---->[R-~-C--;;
OdH

, (moisture attack)
<J~

OH

O-R'--+-IR-NH-~O-R'
OH

11

l ... R-OH
8H J~.

R-NH-C

---7-' R NH2 + C0 2 t-+- R' OH

Chain scission at the H-bond site by nucleophilic attack
at a urethane link-

J
--
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Figure 4.2a shows water molecule reacting with a carboxyl
ester link (underlined) in a poly(ester-urethane) link. The
reaction breaks the polymer chain at the point of attack producing two shorter chains. One of these broken chains has the end
group (-OH) whereas the other chain has a carboxyl (-e0 2H) group
which is acidic. This acidic carboxyl group speeds up the further
hydro lysi s.of the polyester segments in the po ly( ester-urethane)
and the degradation becomes autocatalytic (29,44,47).
The urethane linkage, also properly referred to as a
carbamate linkage, can also be hydrolysed, but less rapidly
than the carboxylic ester linkages. Hydrolysis of urethane
linkages (Figure 4.2b) in polyurethane chain produces two shorter
new chains, one ending in a hydroxyl group (OH) and the other in an
amino group (NH 2 ). But unless a poly(ester-urethane) elastomer
contains specially sterically hindered carboxylic ester linkages
in its chain the dominant reaction in its hydrolysis in normal
service is cleavage of the carboxylic ester group (see Figure
4. 2a ) .
Thus, TPU with relatively low concentration of urethane and
ester links per unit volume would be expected to be more resistant
to hydrolysis than a TPU with a high concentration of these
links.
These mechanisms were confirmed by the results of ESe of
study of TPU in relatively mild environments, where ether based
TPU exhibited better resistance to caprolactone and ester polyol
based TPU's. The latter was found to be poorest in ESe resistance
amongst these three TPU's. Also these results confirm those of
Schollenberger (48).
In conclusion it is considered as a generalisation that the
ESe in TPU is initiated and propagated by the combined effects
of hydrolysis and applied stresses.

- -------

4.2

Conclusions
The following conclusions are drawn from the experimental

work:
1.

The injection moulding processing conditions have been
shown to have a marked influence on the morphology and
their related properties of TPU's. Molecular weight has
been found to be substantially reduced by processing using
the injection moulding technique. Also, the thermal history
prior to and after the processing has been shown to have
pronounced effects on structure morphology, molecular weight
and physical propertieso

2.

Environmental stress cracking in TPU was found to be due
to the combined effects of hydrolysis and applied stresses.
Further, the ESC resistance of the TPU class was in descending order of ether> capro1actone > ester po1yo1 backbone
in seawater, 84% humidity and 8% detergent solutions.

3.

Accelerated ageing tests can be designed on the basis of
pressure and chemically active organic agents. Further the
concept of an 'H-bonding parameter' is useful in determining
the organic reagents in active or inactive ESC study.

4.

ESC resistance of TPU in organic reagents is in descending
order of capro1actone > ester> ether po1yo1 backbone.

5.

Environmental stress cracking in TPU can be improved or prevented by the following factors:
a) by optimisation of processing conditions
b) by selection of a high molecular weight po1ycapro1actone
type symmetrical po1yol coupled with the diisocyanate p-PDI.
Or a high isocyanate, higher molar ratio content polyurethane (eg molar proportions of OH/NCO> 3).

1 51

c)

by

insertion of a small amount of crosslinking.
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APPENDICES

Estane
54351

Properties

Estane
58300

Estane
58370

Estane
Tl140

Es tane
58360

Estane
58137

Estane
5740 x 702

Chemi ca 1 type

Capro 1acto ne

Ether

Ether

Ether

Ester

Ester

Ester

Shore Hardness

85A

78A

82A

85A

88A

70D

65D

Specific gravity

1. 18

1.10

1.19

; 1.15

1.28

1.22

1.23

~

U1

ID

35.6

28.4

32.3

46.9

37.3

50.5

43.3

300% Modulus MPa

8.1

8.3

6.9

18.1

14.7

39.1

34.6

Elongation at a
break %

650

725

725

450

600

360

401

Tensile strength MPa

APPENDIX 1:

Physical Properties Data of Commercial Estane TPU Compounds

Molar
Ratio

Materi a1

Shore
Hardness

Speci fi c
Gravity

Ultimate tensile strength

300% Modulus
MPa

Elongation
at break

~IPa

J6

Capa 220/CHDI/l,4 BD

1: 2: 1

88A

1 .1232

10.1

22.0

750

Capa 230/CHDI/l,4 BD

1 : 2: 1

86A

1 .1345

11.8

26.0

690

Capa 240/CHDI/l,4 BD

1: 2 : 1

85A

1.1420

12.9

34.5

650

Capa 220/pPDI/l,4 BD

1 : 2: 1

89A

1 .1632

13.2

34.2

650

Capa 230/pPDI/l,4 BD

1 : 2: 1

91A

1. 1645

14.2

36.0

630

Capa 240/pPDI/l,4 BD

1 : 2: 1

93A

1. 1780

15.3

38.5

600

Capa 212/Isonate 143L/l,4BD

1 : 2: 1

66A

1.1200

6.2

15.8

480

Capa 212/Isonate 143L/l,4BD

1: 3: 2

79A

1. 1460

9.1

22.4

420

Capa 212/Isonate 143L/l,4BD

1:5:4

97A

1 .1600

-

33.8

290

Capa 220/MDI/l,4 BD + TMP
(1 : 1 )

1: 3: 2

97A

1.1370

19.7

37.0

450
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Physical Properties Data of,the Cast TPU's Synthesised in the Laboratory
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X-Ray Diffraction Technique
Sample size:

Flat specimen of 2.5 cm x 2.5 cm
Thickness 0.3 cm to 0.5 cm

Machine settings:
Power 40 kV;
Ampere 30;
Range = 8 x 10 3 ;
Chart speed = 10 mm/min;
Angle = 5-50 degrees
Typi ca 1 trace:

t
>>-

H

(f)

Z

W

>-

~

Z

____------ Crystalline peak

H

~~

______--- Amorphous trace

- :--::=----..,

Interpretation of data:
% crystallinity =

crystall i ne area

~~t~o~t~a~l-a-r~e~a--~

x 100

/issumptions:
a)
b)
c)

One has to choose the limit at which there is no scattering of
X-ray beams.
Maximum of the peak are taken at the same scattering angle each time
Peaks are apparently symmetrical.

CAPA/MDIf1.4B.D
(a)
(b)
(c)
(d)

Amorphous trace
2000 molecular weight polyol
3000 moleculae weight polyol
4000 molecular weight polyol

r---- d

,.,

,

<

~

-;;
c

b

~

~

!:.

2e
10
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20
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X~ray traces of laboratory synthesised TPU based on various molecular weight polyols showing
the structure of these materials
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.
N

APPENDIX 3.2: Effects of molecular weight of the polyol on
CHOI di i socyana tes

he crystallinity of the TPU material based on

(a)

(b)

(c)
(d)

Amorphous trace
2000 mol. wt. polyol
3000 mol. wt polyol
4000 mol. wt palyol.

;:,
e

~

c

..'"

~
~

.=

,,

1'>

20

29

2'>

30

(e) Amo rphous' trace
(b) 200U mol.ul.polyol(C.p~)

1
..

(c) 3000 mo' .wl.palvol
d (d) 4000 Plol.ut..p61yol

.1:'
";:;
c:

'"

]

~

b

•

10

25
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APPENDlX J·3. ["ecla or Plolecular 1J810ht or the crystallinity or the TPU based on P-POI
dheocYBnBte.

30

.

•

i

"j

1

,1

