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Thermoplast ic elastomers are crosslinked by secondary valence interactions. They show rubber 
elasticity at service temperatures but may be thermoplast ical ly processed at elevated temperatures, 
i.e. they may be inject ion-moulded or, in special cases, spun from solution. Secondary valence inter- 
actions give rise to a continuous crosslink spectrum control l ing the segment mob i l i t y  in its low tempe 
rature region but control l ing the crosslinking stabi l i ty in its high temperature region. Crosslinking, 
which part ly breaks down on heating the sample, is restored when the sample is cooled. Consequently, 
a stress crosslinking may be distinguished from strain crosslinking which is formed on cooling the de- 
formed material, thus stabil izing the deformat ion. Stress and strain crosslinking systems reflecting the 
thermomechanical history are seen f rom shrinkage experiments. 

INTRODUCTION 

Conventional rubbers are crosslinked by primary valence 
bonding, whereas thermoplastic elastomers are crosslinked 
by secondary valence bonding, such as van der Waals inter- 
actions, dipole interactions or hydrogen bonding. The 
secondary valence crosslinking breaks down at an elevated 
temperature or under the inl]uence of suitable solvents and 
will reappear with decreasing temperature or after the sol- 
vent has been removed. In principle, no damage to the 
material results from tire breakdown and restoration of cross- 
linking. Consequently, while some thermoplastic elastomers 
are processable by injection-moulding, others can be spun 
from solution. 

Thermoplastic elastomers sltow two transition tempera- 
tures, a lower one corresponding to the freezing-in or appear- 
ance of  segment mobility and an upper one corresponding to 
the breakdown or restoration of secondary valence crosslink- 
ing. Freezing or softening takes place within two tempera- 
ture regions which may be partly superimposed: sometimes 
it is hardly possible to observe a clear distinction between 
them. Since in both cases only secondary interactions are 
inw)lved, uniform softening processes have to be considered. 
These processes may be described by a temperature- and time- 
dependent formal number of  crosslinks per unit volume, 
N(7,t), equal to the number of crosslinks in a Gaussian net- 
work which would show the sanre modulus of  elasticity as 
the material under investigation. This formal number N(T,t) 
is called the crosslink spectrum for the thermoplastic elasto- 
met. It refers simultaneously to the crosslinking stability in a 
strict sense and to the segment mobility. With increasing tem- 
perature, N(T,t) drops in two more-or-less pronounced steps 
corresponding to segment mobility setting in and crosslink- 
ing breaking down. Both steps have to be considered as part 
of  one-and-the-same crosslink spectrunr, since in many cases 
they are not clearly separated from each other. 

The crosslink spectrum N(T,t) may be modelled in a 
purely phenomenological way by the two sets of Maxwell 
elements in Figure 1, one of  them characterizing the segment 
mobility and the other the thermal crosslink stability. 

Maxwell systems are well known from linear viscoelastic 
analysis of polymers where they are used to represent the 
relaxalion time spectrum. With respect to thermoplastic elas- 
tomers, however, they tire useful for describing the crosslink 
spectrunt. In this case freezing or softening temperatures are 
of interest. The crosslink spectrum indicates the temperature 
ranges within which certain parts of  the overall crosslinking 
breakdown or reappear. Each element of the Maxwell system 
represents a partial crosslinking which is characterized by a 
distinct freezing or softening temperature. 

Thermoplastic elastomers may be distinguished both in a 
broad sense and in a technical sense, as follows. In a broad 
sense, all chemically uncrosslinked polymers can behave as 
thermoplastic elastomers. Starting f'rom the glassy state, 
amorphous thermoplastics show rubber elasticity and then 
pure viscous flow with increasing temperature. The cross- 
linking is brought about by secondary valence interactions 
and chain entanglements. In partly crystalline thermoplastics 
crosslinking is also due to crystalline regions. In addition to 
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Figure 1 Maxwell representation of the crosslink spectrum of 
thermoplasticelastomers. Elements which are more unstable are 
responsible for the segment mobility, while more stable elements are 
responsible for the crosslinking stability. Additional elements in bet- 
ween the two sets may influence the stress-strain behaviour. 
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Figure2 Secondary valence crosslinking due to domain formation 
with segmented chains 

the rubber elasticity of amorphous thermoplastics, frozen-in 
elasticity and shrinkage have to be considered as typical 
characteristics of thermoplastic elastomers; these occur in 
amorphous and partly crystalline materials, as well as in tech- 
nical thermoplastic elastomers. 

Themmplastic elastomers are segmented copolymers with 
hard and soft segments. A domain structure forms on segre- 
gation, characterized by hard segment domains dispersed in 
a soft segment matrix (Figure 2). At service temperatures, 
the domains are either crystalline or glassy, where the matrix 
is in a molten state. Since the molecules consist of alternating 
hard and soft segments, each chain runs alternately through 
the domains and the matrix. Thus, the domains are linked by 
main valence chains. The matrix in its molten state provides 
high extensibility, and the rigid hard segment domains pre- 
vent viscous flow, with the result that rubber elasticity is 
brought about. The chains linking the domains are cross- 
linked due to secondary valence bonding within the domains. 
Crosslinking breaks down as soon as the glassy transition 
temperature or the melting temperature of the domains is 
exceeded. Examples of important engineering thermoplastic 
elastomers are: segmented styrene-butadienes, ether-ester 
elastomers and segmented polyurethanes. 

The dissociation energy of secondary valence interactions 
is smaller than that of main valence bonds by one or two 
orders of magnitude. However, since the secondary interac- 
tions are effective simultaneously and cooperatively within 
the domains, they provide a crosslinking with high thermal 
and mechanical stability, comparable with the stability of 
conventional corsslinking by main valence bonding. 

The crosslink spectrum is closely correlated to the visco- 
elastic properties of the hard and soft segments and the 
degree of segregation. Let us assume that the softening (glass 
transition or melting) of two hompolymers A and B occurs 
at T A and TB, respectively (Figure 3). The softening tempe- 
rature of a statistical A-B copolymer is found between T A 
and T B, closer to either the first or the second depending on 
the ratio A:B in the copolymer. Segmented block copolymers 
show simultaneously two different softening temperatures 
near TA and TB, respectively. Depending on the ratio A:B, 
an A matrix with B domains results or vice versa. The first 
is true for thermoplastic elastomers, the latter for high im- 
pact thermoplastics. Non-statistical copolymers with only 
short blocks give rise to a disproportion of local A and B 
concentrations without phase separation occurring. Hence 
different volume elements show different softening tempe- 

ratures spread widely over the whole range from T A to Tt~. 
The disproportion of local concentrations rises with increas- 
ing block length, finally resulting in phase separation includ- 
ing disordered segments. Disordered B units dispersed in the 
A ntatrix will raise the softening temperature from T A to 
T X. Disordered A units running through the B dom~fins will 
lower the softening temperature from TII to TB'. Since dis- 
ordered segments may be non-uniformly distributed, forming 
small aggregates, a certain effect of disproportion will re- 
main, giving rise to an overlap of the softening regions at 
TA' and T/y. Furthermore the existence of poorly defined 
domain boundaries results in a similar effect and has also to 
be taken into account. When discussing the crosslink spec- 
trum it is useful, therefore, to investigate the domain struc- 
ture at the same time, since the crosslink spectrum depends 
very much on the segregation of hard and soft segments. 

The hard segment domains act as crosslinking volumes 
with high functionality. Since they have diameters of 100 A 
or more, they are not comparable with conventional Gaussian 
network points and they act simultaneously as a filler, thus 
raising the elastic modulus. However, in contrast with fillers 
in conventional rubbers they do not reduce the breaking 
strain, since being in a material under macroscopic load, they 
will be partly deformed. This reduces local stress and im- 
proves the homogeneity of the stress field within the material, 
resulting in an increase in the breaking strength and strain. 
However, since the domains undergo plastic deformation, 
the retractive force will decrease (bTgure 4). This causes a 
stress-strain hysteresis and a so-called permanent set, which 
is actually a frozen-in deformation of the material and will 
vanish when the material is heated. 

The molecular deformation process is entirely different 
from that which is known about Gaussian networks. It is 
impossible, therefore, to define a crosslinking density rigo- 
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Figure 3 Schematic draft of the temperature dependence of Young's 
modulus forcopolymers. The curvesAand B show the softening be- 
haviour of the pure components, respectively. Statistical A--B co- 
polymers: (a) become soft in a distinct temperature between A and 
B, closer t o A o r t o  B dependent on the ratio of A t o B .  The soften- 
ing of non-statistical copolymers with only short blocks; (b) not giv- 
ing rise to phase separation is widely spread over the whole range from 
T A to T B. Segmented block copolymers (c) with imperfect phase 
separation show two distinct softening temperatures T A' and T B' 
which may differ from T A and T B because of misordered segments 
and unsharp domain boundaries. Segmented block copolymers show- 
ing perfect phase separation give rise to partial softening exactly at 
T A and TB, the modulus in between being dependent on the ratio 
A roB 
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Figure 4 Typical stress-strata behaviour of segmented 
polyurethanes 
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rously in terms of  tire number of crosslinks per unit volume, 
since there are no distinct single crosslinks, but multifun- 
tional crosslinking voh|mes which undergo plastic deforma- 
tion. Tire/ormal number of  crosslinks, therefore, merely is 
a formal number without any structural meaning, but which 
may be used in comparing different states of  a nraterial as 
well as different materials. The fornral number of  crosslinks 
i.e. tile crosslink spectrum, of a given nraterial depends on 
temperature and time and furthermore on load, strain and 
thermomechanical prehistory. The evaluation of  this very 
complex spectrum is a major problenr in the understanding 
of thermoplastic elastomers. Some special aspects of  the 
crosslink spectrum will be presented in this paper. 

SEGMENTED BLOCK COPOLYMERS 

Segmented polystyrene -butadienes are prepared by anionic 
polymerization. Two-, three- and multiblock chains may be 
obtained with segments of statistical or well-defined length 
up to several hnndred Angstroms. Segment segregation is 
seen from electron micrographs after staining the polybuta- 
diene sequences with osmium tetroxide. Model two- and 
three-block chains with segments of  well-defined length give 
rise to highly periodic morphologies. With increasing amounts 
of styrene, starting at a low level, tire styrene sequences form 
globular, rod-like and finally lamellar domains. At a hard 
segment content of more than 50%, lamellae grow together 
to form a nratrix with rod-like and finally with globular poly- 
butadiene inch|sions. Chains with nrore than three segments 
each or with segments of statistically varying length do not 
segregate, but form irregular morphologies. Technical pro- 
ducts are characterized by sponge-like arrangements of hard 
and soft segment regions (b)kure 5). 

Segmented polyether- ester elastomers prepared by trans- 
esterification of  poly(tetramethylene oxide) with poly(tetra- 
methylene terephthalate) show randomly jointed ester and 
ether segnrents, tile statistically varying degrees of polynreriza- 
lion of which are m and n, respectively: 
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At room temperatL, re, polyester crvstallites are found creat- 
ing }lard segment domains, whereas the ether segments re- 
main in tile molten state. Spherutitic structures exist under 
certain conditions due to characteristic mutual arrangements 
of hard segment polyester crystallites within tile molten poly- 
ether matrix. 

Segmented polyurethanes are prepared inter alia from 
diphenyhnethane diisocyanate ( MDI ): 

O = C = N - - ¢ - - N = C = O  r, MDI (symbol: ::) 

with ether-based or ester-based macrodiol, (symbol: ~) 

the molecular weight of  which lies ill tile region of  approxi- 
mately 1500 to 3000. Dials or diamines, such as, for 
example: 

H--O--(CH2)a~OH or H2NI(CH2)2~NH (symbol: =) 

are effective as chailr extenders. 
Ill the prepolymer procedure diisocyanate and macrodiol 

are hrou~lt to reaction-forming urethane groups by addition: 

H 
qoN=C=O+HOqo ,- , ~ N - - C - - O q ~  (urethane) 

II 
O 

Applying more than 2 naol of diisocyanate (MDI) per reel 
of  macrodiol results in a statistical distribution of prepolymer 
molecules with an additional amount of unreacted excess MDI. 
Tire prepolymer configurations may be described by" 

o, o ~ 0, o qoo ~ O ,  oqoo,-~O ~,o Q, 

The prepolymer molecules are linked together by adding a 
suitable amount of  chain extender, giving rise to urethane or 
urea coupling, respectively, dependent on whether a dial or 
a diamine extender is used. The urea coupling is defined by: 

H H 
Q,N = C ~ O  + H2N"v, - ~'v~ N - - C - - N r o  (urea) 

II 
0 

Figure 5 Electron micrograph of segmented styrene--butadiene 
elastomers: (a) unstrained, (b) after being strained and relaxed 
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Thus, essentially linear chains are obtained providing a statis- 
tical configuration composed of hard and soft segments: 

Isolated MDI block 
J 

• • ~0~0 ~0~0=0~0"~0=0~0=0=0=0~0~,~ ... 

Hard segments" 

Hard segments are brought about by alternating sequences 
of diisocyanate and chain extender. Soft segments are vir- 
tually identical with the macrodiol, except for isolated di- 
isocyanate blocks joined directly to macrodiol on both sides. 
These isolated blocks contribute both to the hard segments as 
well as to the soft segments in a manner which is dependent 
on the state of segregation. 

The hard segment length follows a statistical distribution 
which corresponds under certain generally realized conditions 
to the molecular weight distribution of the condensation pro- 
ducts. The distribution is controlled by the amount of un- 
reacted excess MD| in the prepolymer, being detectable by 
means of gel permeation chromatography. It is controlled, 
therefore, by the molar ratio w of macrodiol to MDI. The 
percentage of hard segments with p MDI blocks each depen- 
dent on w is given by: 

~p = (1 - w)P- lw (1) 

resulting in a mean value 

P P~P w 
p=l 

(2) 

if isolated MDI blocks (defined by "~'~) are also taken into 
account. Neglecting isolated MDI blocks, i.e. considering 
them as part of  the soft segments, leads to a mean value: 

1 
y = t + -  (3) 

W 

In segmented polyurethanes the statistical length distribution 
of the bard segments gives rise to diffuse domain boundaries 
since no chain-folding of the hard segments occurs. Segre- 
gated hard segments are virtually fully extended, and thus 
penetrate the matrix depending on their length. This is not 
the case in either segmented styrene- butadiene elastomers 
or segmented polyether-esters, where sharp domain boun- 
daries occur, due to hard segment chain-folding. Soft seg- 
ment conformations differ correspondingly in the vicinity of 
the domain boundaries, as shown schematically in Figure 6. 
Soft and hard segments are packed laterally in a similar man- 
ner in segmented polyurethanes. No space for chain coiling 
of soft segments is available due to the lack of chain-folding. 
Thus soft segments have to be oriented and more or less elon- 
gated in the vicinity of domain boundaries. Soft segments in 
styrene-butadiene as well as in ether-ester elastomers, how- 
ever, may be randomly coiled without any restriction in the 
direct vicinity of the domains. 

The diffuse nature of the phase boundary is detectable by 
means of small-angle X-ray scattering. The small-angle scat- 
tering intensity of irregular, globular, two-phase structures 
with sharp phase boundaries obeys Porod's law, which states 
that the intensity i(O) drops asymptotically with the fourth 

power of the scattering angle, 0, except for a constant 
background i 0: 

1 
i(O) ~-- zs- + io O* (4) 

Diffuse phase boundaries result in an additional damping 
factor d(O), i.e. in a modified law: 

~ w  

I 

a Hard segment Soft scgrncnt 

I 

I 

J 
I 
I 
F-" 

b Hard scgmcr~t 

C 

O 

Hard segment Soft segment 

Figure 6 Schematic draft of the structure of domain boundaries: 
(a) in the case of segmented polyurethanes where no chain folding 
occurs; (b) in the case of crystallizable hard segments with chain- 
folding; (c) in the case of purely amorphous hard segment domains. 
No sharp domain boundaries are found in (a) contrary to (b) and 
(c). Due to the lack of hard segment chain-folding in (a), the soft 
segments close to the domain boundary are forced to be virtually 
elongated, whereas they may be randomly coiled in (b) and (c) 
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J ( 0 )  
i(O) . . . .  + io 

0 4 
(5) 

Thus, inlormation about the diffuse qualities of the phase 
boundary may be obtained from the experimentally deter- 
mined damping factor. Inference on misordered hard seg- 
ments dispersed in the matrix as well us soft segnlents rul> 
ning through the domains are simultaneously derivable from 

IlUjlllllllllllltlllllll illtllllll)lJlllllllllllllllllllllllllllllllllllllllll[i a III 
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Figure 7 Optical Fraunhofer diffraction pattern of a model structure 
illustrating a structure proposition for the mutual arrangement of 
polyurethane hard segments within the domains. Although no verti- 
cal periodicity is found at any point in the structure, it still gives rise 
to meridional reflections due to the fact that the projection of the 
structure onto a vertical line is periodic 

the small-angle scat wring in tonsil \ .  
l)iaminc-cxtended segmented polyurethanes are commonh 

prepared with a ratiu n' o1 macrodiol to MI)I (see equatiolt 1) 
o1 about 0.5. Thus, the hard segments, each comprising on 
average I-~ = 2 or 75' = 3 MDI blocks, show no internal perio- 
dicity, tlence no crystallization can be expected in the con- 
yen*tonal sense. Distinct reflections, however, are obser- 
vable it, the wide angle X-ray pattern showing a well- 
developed spatial coherence between neighbouring hard seg- 
ments. In the case of a highly oriented ILvdra/ine-extended 
material, these rel]ections are found on the mcridion of the 
diagram indicating the existence of lattice planes perpendi- 
cular to the chain direction. This ishaMly understood in 
terlllS o [  a collVell t iol lal  interpretation, sJllce i1o su i t ab l e  

periodicity is found within the hard segments, as has already 
been mentioned. It wasproposcd,  therelkue, that these lat- 
tice phmes be attributed to a well-defined longitudinal shift 
between laterally packed segments withoul relerring to u 
longitudinal segment structure. This proposition is illus- 
trated by the optical dit'fraction pattern in t"i~,,ure 7, the 
structt~e being composed of dots which ~cfer to the centres 
of gravity of laterally closely-packed hard segments pointing 
in the vertical direction. Although no hmgitudinal periodi- 
city is found tit any point in the structure, it still gives rise to 
meridional rcllections due to the Iac( that the projection of 
the structure onto a vertical line is periodic. The interference 
diagram is consistent with the theory of paracrystals. Apply- 
ing this theory it may be evaluated in all details. 

In terms of  the real structure, this proposition is exanr- 
plified by P'(~m*es 8 and 9, which relate to hydrazine and 
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Schematic draft of the mutual arrangement of ethylene diamine elongated polyurethane hard segments 

ethylene diamine, respectively, as chain extenders. Some of 
the neighbouring hard segments are packed laterally in a 
regular fashion, such that the urea groups are able to pro- 
duce hydrogen bonds, while others are longitudinally shifted 
with respect to one another by an amount which is defined 
by tile distance between urethane and urea groups. Although 
no conventional crystallization is brought about, singular 
lattice planes are found which lie orthogonally to the chain 
direction in Figure 8 but which are slightly inclined in Figure 
9. These lattice planes produce the hard segment reflections 
seen in the wide-angle X-ray diagram. 

SOFTENING BEHAVIOUR AND CROSSLINKING 
STABILITY 

The softening behaviour of segmented block copolymers 
may be studied by measuring the temperature dependence 
of the complex modulus. This holds true especially for the 
softening of the matrix. Figure 10 shows results for three 
diol-extended polyurethanes prepared from the same poly- 
ester soft segment but with an increasing proportion of hard 
segments due to an increasing hard segment length. The pure 
polyester crystallizes with a melting point at about 40°C, but 

it does not crystallize in the elastomer except in material 
which has been extended by about 150 to 200%. The crys- 
tallization induced by stretching vanishes reversibly when the 
material is unloaded. 

The glass transition of the pure polyester is found at about 
- 5 7 ° C  but the softening of the elastomer matrix takes place 
at about -35°C.  Both the elevated softening temperature 
of the polyester as well as the lack of  crystallization in the 
undeformed material are due to disordered hard segments 
which are randomly dispersed in the matrix. Tile softening 
temperature of the matrix remains constant irrespective of  
an increasing concentration of hard segments, but the soften- 
ing process is more and more spread out towards higher tem- 
peratures with_ increasing hard segment length. This can be 
attributed to the diffuse nature of  the domain boundary 
which is more pronounced the longer the hard segments are, 
since with increasing length an increasing spread in the length 
distribution is found. The softening of the matrix clearly 
starts at a certain distance from the domain boundaries, in- 
truding more and more into the boundary zone with increas- 
ing temperature (see Figure 6). However, no asymmetry in 
the softening process is observable in the corresponding d.s.c. 
diagram (see Figure 11). We are thus inclined to distinguish 
between rate processes based on energy barriers which are 
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Figure 10 Terrperature dependence of the complex modulus for 
butanediol-extended segmented polyurethanes with increasing volume 
fraction of hard segments, showing the softening behaviour of the 
matrix (after Hespe et al.) 

temperature deperident and those which are temperature 
independent. 

The d.s.c, signal of the glass transition indicates all in- 
creasing free vohlme which brings about an increase in vohune 
energy. Tile corresponding lowering of energy barriers causes 
enhanced segment mobility. The mobility itself is not detec- 
table from the d.s.c, diagram but the changing potential 
w,)hlnle energy is. Thus, rate processes witlt temperature- 
independenl energy barriers (since they arc not associated 
with an increasing free volume producing an increase in 
l)otenlial vohllnC energy) do not contribute to tile d.s.c, sig- 
Ilal. Prt/rll tile colnplex lllodtllus (Fi~ztr(' lO) alld the d.s.c. 
signal (t:&ure 11) it nlay be derived, therefore, that soft0n. 
ing withi l i  tile malr ix starts with a free volume effect. Soften- 
ing propagates into the boundary zone, however, without a 
Iree volunle effect, this being prevented by tile rigid arrange- 
nlent of baird segments i l l this case. Softening of tile boun- 
dary zone is clearly due to rate processes wit l l  tenlperature 
independent energy barriers. 

l)onlain soflening is indicated in the d.s.c, diagram in 
t'7£mc ll  by a II/illtber o[" discrete endotlternlic peaks. 
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These could possibly be attributed to distinct domain sizes 
hi tile case where hard segments arc l'raclionated according to 
tt leirlengtb, tlowever, dist inc!dolnain sizes due to hardseg- 
i l lellt i'racliollaiioi1 would imply <>harp dolnahl boundaries, 
~lleieas tltlsharp boundaries ar,2 inciicaled lrol]l tile nlatrix 
softening behaviour ( F/}.'to'c 10). 

Domain softening in diamine-cxtended polyurethanes 
ell)mS l lot correlate in general with an\. d.s.c, signal al all. Tiffs 
restll/ is i lol vet properly tll ld0istt)od. I1 is ;.111 opell question 
whether domair~ soflening in tills case is eiit irely due to rate 
processes witl l  tenlperature-iildepelidellt barriers alld hence 
v~itllout any free vohune elfeel. 

Dtmlain softening has also been mvestigaled by nuclear 
n/agllelic resonal/ce, revealing proton nell l i ly.  Applying a 
suitable pulse technique, l l la lr ix proloils Illa'¢ be distinguished 
f io i l l  donlain protons thus giving int\)rrllation abotlt doll lai l l  
loril latiOll lrOlll tile melt. h was (Otllld that dolnaillS el: seg- 
n/cnied polyui-0thal]es becolne entirely dissolved ill the mat- 
rix with increasfl]g temperature. On cooling tile melt it takes 
several flours before domains :.ire ref'orinod bv diffusion pro- 
tosses which separate the Ilald and soft segments. 

Softening n~easuremenis, altl lougll useful i l l general, do 
not allow direct determination of  file crosslink spectrum as 

might be expected, t'ossible discrepancies between softening 
behaviour alld crosslink spectrtllll become clear wbell com- 
paring two dil'l~rent types of styrene butadiene three block 
polymers, so-called SBS and BSB tribhlck copolymers. SBS- 
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Figure 11 D.t.a. diagram of butanediol-extended segmented poly- 
urethanes with increasing volume fraction of hard segments concern- 
ing the same samples as in Figure 10. The matrix softening shows 
no asymmetry (after Hespe oral.)  
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Figure 12 Schematic draf t  of the crosslink structure in BSB-type 
and SBS-type three-block copolymers 
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Figure 13 Temperature--extension curves for segmented polyure- 
thanes wi th H2N- (CH2)n - -NH 2 = C n extenders for  determining the 
heat-distort ion temperature THD. I t  is systematically higher wi th n 
being even than wi th n odd 

type chains provide one butadiene sequence, each of which is 
linked at both ends to styrene sequences. In the reverse 
BSB-type, chains are built up by two butadiene sequences 
with a styrene sequence between them. Apart from occa- 
sional chain-folding, SBS-type chains run from one domain 
to another, their styrene segments being embedded in two 
different domains such that two domains per molecule are 
involved (Figure 12). Thus, main valence interactions bet- 
ween the domains are brought about, and these cause load 
transmission from domain to domain on loading the mate- 
rial. An entirely different situation is found in the case of 
BSB-type chains. These are embedded in only one domain. 
Therefore, no main valence interaction is available in this 
case for load transmission between domains. Crosslinking 
breaks down in BSB-type material as soon as soft segment 
mobility sets in, i.e. when the softening temperature of the 
matrix is exceeded. In SBS-type material on the other hand 
crosslinking remains stable until hard segment mobility 
occurs when the softening temperature of the hard segment 
domains is exceeded. Nevertheless, one and the same d.t.a. 
diagram is found in both cases, provided that the ratio of 
styrene to butadiene and the same state of segregation is 
realized. This is similarly true for the temperature depen- 
dence of the complex modulus, which refers only to small 
segment rearrangements within the matrix, irrespective of 
whether or not main valence chains are present providing 
interaction between the domains. Softening measurements 
should therefore be obtained from creep experiments, which 
reveal main valence entanglements sustaining sufficient 
crosslinking stability between the domains. 

Creep measurements are most easily performed by plott- 
ing the length of a sample heated continuously under con- 

stant load (see Figures 13 and 14). The length of the sample 
remains approximately constant within a certain temperature 
range and then shows a steep increase as soon as crosslinking 
starts to break down, thus defining the so-called heat distor- 
tion temperature THD. Temperature-extension curves of 
this sort provide preliminary information about the cross- 
linking stability which is useful for comparing different sub- 
stances under the same conditions. However, the compliance 
instead of the length should be used for more accurate 
measurements, especially in those which are load-dependent. 
Furthermore, it is necessary to perform isothermal creep 
experiments. 

Simple temperature-extension curves are shown in 
Figures 15 and 16 for segmented polyurethanes with various 
diamine extenders and various soft segments. In both cases 
a variation in THD is observed. Chain extenders Cn 
H2N-(CH2)n-NH 2 with an even number n of CH2 groups 
are more effective than those with an odd number of 
CH 2 groups. THD is higher in the first case than in the 
second, even though the number of interacting urethane 
and urea groups is the same. The degree of cooperation bet- 
ween these groups, however, is different, as can easily be 
deduced from Figure 9. Chain extenders Cn with an even 
number of CH2 groups provide a centre of symmetry which 
is absent in chain extenders with an odd number of CH 2 
groups. This results in a maximum of four stress-free hydro- 
gen bonds per MDI block in the first case but a maximum of 
only three in the second case. 

It has been suggested that urea groups are able to contri- 
bute to hydrogen bonding in two different directions simul- 
taneously, since each C=O group is balanced by two NH 
groups in the urea configuration. Two-dimensional cross- 
linking systems, as shown in Figures 8 and 9, require only 
one NH group per C=O group, such that a certain propor- 
tion of the NH groups does not take part in the system. It 
is reasonable to assume, however, that additional hydrogen 
bonds are formed perpendicular to the plane of the diagram 
in Figures 8 and 9. These bonds are maintained by the extra 
NH groups. Two-dimensional crosslinking systems are en- 
larged in this way into three-dimensional systems. This is in 
accordance with the results of wide-angle X-ray diffraction 
measurements. 

The assumption that transverse crosslinking is necessary 
for satisfactory crosslinking stability leads to an interesting 
understanding of some of the characteristics of diol exten- 
sion. Butanediol-extended polyurethanes are commonly pre- 
pared with a molar ratio of macrodiol to MDI, w, of less than 

S PE 

C ° p A ,  

2 o  ' ' ' ' 2 o" 
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Figure 14 Temperature--extension curves for  segmented polyure- 
thanes wi th  C o and C 2 extenders comprising an ether or  ester soft 
segment, po lyethy lene and polyester, respectively 
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Figure 15 Stericconditions for forming hydrogen bonds between 
butanediol and pentanediol extended hard segments, respectively 

approximately 0.3. More than 3 (i.e. i) = 3) or 4 (iS' = 4) MDI 
blocks are thus found on average in each of  the hard seg- 
ments,/3 = 3 or ~'  = 4 being the minimum number necessary 
to obtain a material with elastomeric properties. In diamine- 
extended materials the minimum occurs with p = 2 or p' = 3. 
This is probably not due solely to the stronger interaction of 
urea compared with urethane groups, but is a consequence of 
lhe fact that urethane groups may contribute to hydrogen 
bonding in one direction only, whereas urea groups are eftco- 
live in two different directions simultaneously. Transverse 
crosslinking in diol-extended materials is brought about only 
by some of  the urethane groups being effective in one direc- 
tion while others :ire effective in a transverse direction, with 
the result thai :,| greater number of interacting groups per 
hard segment is required than in diamine-extended hard seg- 
ments. This conclusion has been verified recently by crystal- 
Iographic investigations performed on low molecular weight 
model compounds. 

Thermop/astic e/astomers: R. Bonart 

[he importance of mmsverse wosslinkin H is also shown 
bv pentanediol reducing tile crosslinking stability when used 
as chain-extem_ler instead of butane diol. Pentanediol-extended 
segments fit more easily together than bulanediol-extended 
segments (see l.'~k, mx' 1.5) such that all urethane gruups found 
in a segment are able to form hydrogen bonds within a lwo- 
dilnensional planar aggregate o1 segments. However. the per- 
fed  plamu- cooperalion behveen neighbouring segments pre- 
velllS lrallsverse crosslinking, since no urelhane groups sup- 
por~iTm t.-zmsverse crosslinkin H are available. ('rosslinking 
stability, which may be characterised by tile heat distortion 
temperature Till) at which dolnain softening occurs, depends 
on the chemical nature o[" the chain extender, lhc hard se,,- 
merit length and tl~e domain size. It is furthei controlled b \  
the microstresses on the domains caused when the material is 
loaded externally. Stress concentrations arise, which are in- 
fluelwed by the volume fraction, shape, size mid spatial 
arraugemeut oF the domains. Additional molecular stress 
concentrations have to be taken into accotlil[, due It) lhc 
varying lengths and tile individual situations of different soft 
segmenls. 

(rosslinking stability, defined bv the stabilit 3 of the hard 
segment domains, also depends on tile nature of the soft 
segn|cnts even though tile}.' do not contribute directly to 
the domains. Domain formation, however, implies the segre- 
gation of hard and soft segments which show a certain mutual 
solubility. Tile greater tile mutual solubility, the poorer the 
segregation, resulting in an increasing microstress on the do- 
mains with decreasing volume fraction. Ttl D drops, there- 
fore, when the mutual solubility of hard and soft segments is 
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Figure 16 Strain b i ref r ingence  of d i o b e x t e n d e d  segmented  polyure-  
thanes :  (a} s tress--s train behaviour  of a sample  which  was s tepwise  
e longa ted  and subsequen t ly  s tepwise  released. In spite of re laxa t ions  
and in spite of hys te res i s  be tween  loading and un load ing ,  ne i ther  re- 
laxat ion  nor hys te res i s  is seen in the b i ref r ingence  (b) 
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Figure 17 Ad hoc explanation f o r  the result shown in Figure 16 
assuming that re laxat ion and hysteresis are due to an increasing ho- 
mogenei ty  of  the spatial d is t r ibu t ion  o f  local stresses and molecular  
o r ien ta t ion ,  whereas the average molecular  o r ien ta t ion  remains 
constant 

increased. This is the case for an ester soft segment in com- 
parison with an ether soft segment, since the ester affinity 
for urethane segments is greater than the ether affinity (see 
Figure 14). The actual situation is a little more sophisticated, 
as will be reported at a later date. Nevertheless, the overall 
results hold true, that ether soft segments give rise to a more 
complete segregation than ester soft segments. The heat 
distortion temperature is additionally lowered in this case due 
to a more inhomogeneous molecular load transmission caused 
by a broader molecular weight distribution of  ester compared 
with ether soft segments. It has not yet been fully established 
whether the less complete segregation or the more inhomo- 
geneous load transmission is the more important factor in 
lowering TtlD. 

Crosslinking stability as determined from temperature- 
extension measurements is related simultaneously to both 
thermally- and mechanically-stimulated domain softening. 
However, thermal stimulation is considered to be predomi. 
nant as long as the measurements are performed under con- 
stant load. These measurements must be supplemented, 
therefore, by load-dependent measurements in order to ob- 
tain a more complete picture of  the crosslinking strength. 
No systematic work in this field is known at present. 

Stress- or strain-induced domain softening is clearly 
domonstrated by stress--strain curves when the material is 
loaded and unloaded cyclically with increasing maximum load 
(bTgure 4). Loading and unloading produce a remarkable hys- 
teresis. Furthermore, a break is seen in the curve as soon as 
the maximum load of  the previous cycle is exceeded. This 
break indicates plastic deformation of  those domains which 
suffer a high local stress concentration either on a molecular 
scale produced by single soft segments or on a morphological 
scale produced by an irregular spatial arrangement of  do- 
mains. The higher the local stress concentrations are initially, 
the more they are reduced, thus improving the homogeneity 
of internal load transmission. The break in the curve points 
to a specific crosslinking instability reducing the retractive 
force, but producing a more stable crosslinking situation. Un- 
loading and subsequent reloading gives rise only to a rather 
small hysteresis. Unstable crosslinks are removed and simul- 
taneously transformed into more stable crosslinks. They are 

not simply broken down, since in this case the stress reached 
in the previous cycle could not be reached again in tile follow- 
ing cycle. The crosslinking is remodelled by domain defor- 
mation. This also applies to the heat distortion tentperature 
which increases as a result of previous deformation. Thus 
the results obtained are varied, dcpeqding on pretreatnrent, 
such that no systematic understanding of  the structure 
property relationship can be gained from them. We shall 
return to this problem in the following section. 

The variation in load transmission due to domain defof  
mation is correlated with maother somewhat puzzling effect, 
shown in Figure 16, which refers to (a) the stress-strain 
behaviour and (b) the stress birefringence of  a diol-extended 
polyureth,'me. Virtually the same results are obtained with 
any other segmented polyurethane. Whether this is also true 
for other segmented block copolymers is not yet known. 

The sample under investigation was extended in a stepwise 
manner. After each step it was held at constant length for a 
period of  time so that relaxation could take place. The bire- 
fringence was measured at each step in the relaxed state. 
This was performed during loading as well as unloading, i.e. 
with increasing and decreasing load. Although the stress was 
very different on the loading and unloading paths, no diffe- 
rence in stress birefringence was observable when referring 
to the same strain, i.e. stress birefringence was dependent 
only on strain. Relaxation takes place without any loss in 
molecular orientation. A schematic ad hoc explanation is 
shown in Figure 17, where it is assumed that relaxation is 
due to the breaking of secondary valence interactions bet- 
ween neighbouring hard segments in such a way that the 
overall orientation of  segments remains unaffected. The 
spatial distribution of  orientation becomes more uniform 
during relaxation;hence, in addition to the orientation en- 
tropy for Gaussian networks, a spatial orientation distribu- 
tion entropy has to be taken into account. This may increase 
during relaxation without any change in orientation entropy. 

Both wide-angle X-ray measurements and dichroic infra- 
red measurements have shown that hard segments become 
systematically disoriented transverse to the extension direc- 
tion up to an elongation of  about 150 to 200%. At higher 
elongations hard and soft segments become aligned parallel 
to the extension direction. In the region of  about 150 to 
200% elongation, relaxation takes place in such a way that 
hard segment orientation increases whereas soft segment 
orientation decreases. These processes partly compensate 
each other. Inhomogeneous load transmission to the do- 
mains gives rise to a torque (see Figure 1 7) which is reduced 
by domain deformation. 

FREEZING-IN AND SOFTENING OF ELEMENTARY 
STRESSES AND STRAINS 

Crosslinking in thermoplastic elastomers may be described 
by the number of  crosslinks per unit volume N(T,t,f , . . .)  
in a corresponding Gaussian network which would show, 
under the same conditions, the same retractive force f as the 
sample under investigation. The crosslinking density defined 
in this way depends on temperature T, time t, load f, exten- 
sion ratio X = 1 + e and thermomechanical history. Tempe- 
rature and time dependence may be represented by a suitable 
set of Maxwell elements (see Figure 1), or, more conveniently 
with respect to creep measurements, by a corresponding sys- 
tem of Kelvin- Voigt elements (Figure 18). Both Maxwell 
and Kelvin Voigt  systems are well known from the analysis 
of linear viscoelastic effects. They are also useful for charac- 
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Figure 18 Ke lv in -Vo ig t  representation of the crosslink spectrum. 
This is more convenient for creep experiments than the Maxwell rep- 
resentation (Figure 1) 
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Figure 19 Temperature-extension curves for high molecular weight 
PMMA showing the glass transition at about 105~C and the f low 
transition above 170'C 

terizing the crosslink spectrum of thernloplastic elastonlers. 
This will be illnstrated in the following example, tel'erring for 
simplicity to high molecular weight PMMA instead of a seg- 
nrented block copolymer. Tile phenonlenological results :ire 
much tile same in both cases, although the structural para- 
teeters are dift\ ' tent. 

The PMMA which was investigated has a molecular weight 
of about 107 . It is fully a tact icand thus completely amor- 
phous, so that tit) morphological changes have to be taken 
into accotull, l)ue to its high molecular weight, a hirge nun> 
bet of" chain entanglements are present: these cattse rubber 
elasticity above T e Only a negligible amount of viscous 
flow is stit~erimposed onto this. mite effective number of  
chain entanglemenls is only temperature- and time- 
dependenl,  thus representing a very simple crosslink spec- 
lrtll11 as the model for tl~e more complex situation found 
with segmented block copolynlers. 

Tile temperature strain curves of F~,,-ure 19 show a glass 
transition :it ~105°C and a flow transition above 170°C. 
Rubber elaslicitv is found lrom 120 ° tip to about 170°C 1_11- 
even higher depending on the loading time. The compliance 
is approxinlately independent of load, strata and history. 

A ntore detailed pictuie of  the crosslink spectrum can be 
obtained tr()lll isothermal cree t) meastirelllei/ts. ["Je~ltl'd 20  
shows a set of creep restdts for PMMA tit a single applied 
st ross. (l)el)endence of the creep behaviour on applied st ross 
will not be discussed here.) The an/ount o1" viscous l]ow 
oCctlrlJllg ;31 each [Cillperaltlre call be delerl l l i l led ['rOlll the 

Thermoplastic elastomers. R. Bonart 

straight part uf the creep curve (i.e. tit long times when 
viscoelastic defornmtion has ceased) and by extrapohiting 
back to l = 0. Viscous fh)w is seen to be negligible tip to 
approximately 140 ° C At 180°( ' :i viscous flow of approxi- 
mately 4~'~ is found after a loading time of 300 s and 11<}¢ 
after 900 s. compared with u viscoelastic eh)ngation of aboul 
22t7< in both cases. Since viscous flow does not give rise to 
any retractive force, it has to be subtiacted from the overall 
elongation when discussing the crosslink spectrum. A time- 
independent viscoelastic elongation (after subtraction of vis- 
cous flow) is reached in 30 to 200 s after the load is applied. 
This equilibritun strain e~ is sensitively dependent on tem- 
perature and cc,-responds to a temperature-dependent partial 
instability of the crosslinking. Tile isothernml viscoelastic 
elongation of a Kelvin goigt  system comprising n elements 
is described by: 

11 It 

i=1 i=1 

where J is the applied load, C i arc the compliances and ~i the 
creep rates of  tile s/elernents. 

ei(l') = [ '  { t  Ci~' ~il} 

will be called an elementary slrain, being rehlted to tile ele- 
mel~tary stress./)(t) by: 

q(r) 
. i ) ( r )  = - - 

J" 

Tile creep rates in Figure 20 do not increase steadily with 
temperature but do so discontinuously at distinct tempera- 
tures. Tiffs can be seen clearly from tile creep curves at 120 ° 
and 140°C. In lerms of Kelvin Voigtelements,  someare 
highly mobile in this temperature range, while others are rigid, 
but no elements are found showing moderate mobility. The 
ratio tq mobile to rigid elements is sensitively dependent on 
temperature, t!lements which are rigid at T I are highly 
mobile at T 2 only one or Iwo degrees above 7" 1 . The situa- 
tion is different in the glass transition region as well as in the 
flow transition region, where a more steady increase in the 
creep rates is observed. 

I"ach Kelvin Voigl element represerlts a partial crosslink- 
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F~gure 20 Isothermal creep of high molecular weight PMMA under 
constant load 

POLYMER, 1979, Vol 20, November 1399 



Thermoplastic elastomers: R. Bonart 

1.0 ~ "~  x 

0 9  

0 8  

0 7  

0 6  

~ 0 5  

0 4  
X 

0 2  

x 
01 

o 1 2 3 4 
AU 

Figure 21 Activation probability for overcoming an energy barrier 
with (a) one, (b) two and (c) three vibrations involved (after 
Holzmdller) 

ing which is stable up to a particular temperature but which 
breaks down within a narrow temperature range of  only a 
few degrees. Thus the overall softening of  the material is 
brought about by superimposed elementary softening pro- 
cesses each related to a partial crosslinking. Considering the 
softening of a partial crosslinking to be due to a rate pro- 
cess, we could be tempted to calculate the activation energy 
controlling the crosslinking stability from the derivative 
8e=/8 T with the aid of the Arrhenius equation. This would 
be misleading, however, since cooperative molecular vibra- 
tions are involved. 

The Boltzmann energy distribution can be written as: 

coL' = exp(-E/kT)/Z 

where Z is the partition function. In the case of a one- 
dimensional harmonic vibration, Z is given by Z = kT  result- 
ing in an energy distribution: 

co L, = exp( -E/kT) /kT  

Tile activation probability 

coA = ~ 6°E dE= e-E/kT 

,~E 

is found from this energy distribution by integration, the 
energy barrier being taken as the lower limit. From this 
calculated activation probability the activation energy may 
be evaluated with the aid of  an Arrhenius plot. This proce- 
dure, however, is based on the assumption that only one 
vibration is involved, corresponding to a second order reac- 
tion. The real process is characterized by a large number of  
vibrations, giving rise to an energy barrier the height of  which 

is randomly fluctuating. In the case where all vibrations in- 
volved in overcoming the energy barrier share their whole 
energy, the activation probability of the ensemble will be 
given by: 

coA =e-AE/kr  1 + - - + - - -  + + 
kT  2! ~. 

" " + ( s  1)~ 

where s is the number of  cooperating vibrations. Taking 
into account share ratios between zero and one in order to 
characterize the influence of  each vibration on the rate pro- 
cess, more complicated results will be found depending on 
the number of  vibrations and their share ratios. These will 
not be discussed in detail here. As a general rule, however, 
it turns out that the activation probability drops much faster 
at about kT  = &E than with only one vibration, as seen from 
Figure 21. This leads to a value for the activation energy from 
the Arrhenius equation which is far too high. The activation 
probability based on cooperating vibrations shows more or 
less a ' y e s -no '  character, indicating that practically all sys- 
tems are activated at kT ~ &E, whereas practically no system 
is able to overcome the barrier at k T <  2xE. This theoretical 
result corresponds very well with the experimental findings 
in Figure 20. Consequently, we are dealing with either 
mobile or rigid elements with practically nothing in between, 
without being forced to adopt an activation energy whose 
value would be unbelievably high. 

STRESS AND STRAIN CROSSLINKING 

On deforming a sample at a given temperature, elements 
which are mobile will be strained while other elements which 
are rigid remain unaffected. Thus we obtain a distribution 
of  elementary stresses and strains which depends on tempe- 
rature, strain and loading time. As the deformed sample 
cools, one strained element after another freezes-in, due to 
crosslinks becoming effective which were not effective at 
the straining temperature. This illustrates the fact that two 
different aspects of  crosslinking have to be considered : a 
conventional crosslinking relating to the retractive force of  
a deformed sample and an additional crosslinking stabilizing 
the deformation. The conventional aspect refers to the so- 
called 'stress' system of crosslinking. This is formed in the 
undeformed state of  the material and is what produces the 
stress when the material is loaded. The additional aspect 
refers to the so-called 'strain' system of crosslinking, which 
is created when the material is in a strained or deformed 
state. The strain crosslinking stabilizes the deformation, i.e. 
'produces' strain. Stress crosslinking is predominant at the 
deformation temperature, virtually no strain crosslinking be- 
ing present at all. The stress crosslinking becomes weaker 
on heating the deformed material, due to overall crosslinking 
instability, without the formation of  any strain crosslinking. 
However, it remains stable on cooling the deformed material, 
becoming more and more balanced by strain crosslinking 
which develops with decreasing temperature. Strain cross- 
linking is predominant in the frozen-in state, i.e. it prevents 
the stress crosslinking from becoming dominant by inhibit- 
ing a macroscopic retractive force. 

Strain crosslinking is formed from interactions which are 
not effective at the deformation temperature but which be- 

141)0 POLYMER,  1979, Vol  20, November  



!i ! 
rE 2 

rE 3 

II 
TE 4 i 

a 

27. < ~-" FOS~ZF 

I 
,'// < 

Ii 

,I 2 

b TE3< 7-' < TE4 

Faser 

C rE{r2<%3 

F i g u r e  2 2  Texturing of synthetic fibres as an example for stress 
and strain crosslinking producing memory effects 

25 

20  

15 

A 7- v- 120°C 
B 7~ 130°C 
C T v 150°C 
D Yv = 180°C 
E 7- v = 2OO°C 

10 

5 

I 

50 1OO 150 

T(oc) 

Figure 23 Shrinkage force of PMMA samples elongated by 100%at 
d i f ferent  temperatures. The elongated samples were frozen-in by 
quenching, and were subsequently reheated 

come etTective on cooling the specimen. Stress crosslinking, 
however, is based cm interactions which are stable at the de- 
l'ormalion lemperature. ()n heating a deformed, frozen in 
sample the initially predominant strain crosslinkmg breaks 
down successively, whereas the stress crosslmking remains 
unaffected and becomes free to produce imicroscopically ob- 
servable stress. Since stress and strain crosslinkmg are based 
on one and the same crosslink spectrum, the sanle softening 
temperatures o f  the partial crosslinking apply to both. The 

crossl ink spectrum is ref lected, therefore, in both creep and 

shrinkage 1]leastlrenlenls. 
When a material undergoes a compl icated thernlomecha- 

nica} history, mote than one stress and one strain crosslink- 
ing system have to be considered. Producing such systems 
is a widely used technqiue to hllprove the propc~lies oil for 
example, Spandex or I!lastan fibres, as wen as to produce 
specM effects with polyamide or polyacrylonilrile fibres. 
This can be sumnmrized under the term "thermosetting'. We 
refer for illustiation to the well-known texturing of fibres 
in a simplified illallner as follows. LoI us consider a smnple 
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being bent in one direction and subsequently re-bent such 
that it becomes straightened out again (F&,ure 22). Bending 
and re-bending are perfolmed at different temperatures 7' 1 
and T2, respectively, thus giving rise to stress and strain sys- 
tems as indicated in Figure 22 by the four Kelvin-Voigt 
elements on each side of the sample. Iflbending takes place 
at a temperature 7' 1 in between TI, 3 and TI, 4 three elements 
on each side become extended or compressed, respectively. 
On cooling the deformed sample to a temperature T~ in bet- 
ween TI.;2 and TI.:3 the element '3 '  freezes-in in the deformed 
state due to a partial strain crosslinking being created. On re- 
straightening the specimen, the frozen-in elementary strain 
in '3' remains unaffected but it has lo be compensated by 
opposite defornmtions of the elements '2" and '1 '. On cool- 
ing the restraightened sample below Tk' I , all elementary de- 
formations become stabilized by corresponding partial strain 
crosstinking forming a suihlble strain system. These systems 
give rise to a memory effect, since on reheating the frozen- 
in sample a spontaneous bending will initially be produced 
Rqlowed by a spontaneous straighteneing at higher 
telnperatures. 

These model considerations will be examplified in the 
following by shrinkage measurements on high molecular 
weight PMMA, which was strained by 100% at different tem- 
peratures and subsequently quenched in ice water. Straining 
and quenching were performed in I0 s. The higher the de- 
formati,,m le inpera lure,  the greater the number  e l 'e lements  
experiencing lhe same elemelltar\ stress, directly applied by 
the external load. The elemei/ts are slrained differently, 
however, according to lheir respective compliances. Ele- 
ments which are rigid at the delormation temperature re- 
maiil unaffected. On reheating a frozen-in sample at fixed 
length, st rain c~osslinks formed during quellching break down. 
enabling stress crosslinkmg to produce an external shrinkage 
force (l:~o,m'c 2.¢). In order Io avoid bucklin~ due to thermal 
expansion of the frozen-in sample, measurement of the shrin- 
kage fo~ce starts with a prestress which drops with increas- 
ing temperature. Under suitable conditions the retractive 
I\~rce reaches zero when the shrinkage force starls to develop. 
This is seen in t:&,me 25, but the inilial lmrt oF the measur- 
ing curves is omitted in Figto'e 2,7 Ior simplicity. Whether or 
not the retractive lorce ac/uallv reaches zero when shrinkage 
forces set in has no bearing on the restills. Shrinkage forces 
shirt to develop between 60 ° and 70°C t:or a sample ex- 
tended al 200°( ", the shrinkage force shows ~ll~ approximately 
constant value l'rum about 90 ° to 17()°C except for a slight 
increase which ieveals its etltt+opic natnre. ()n extt+apohtting 
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Shrinkage of reheated frozen-in PMMA samples 

POLYMER, 1979, Vo120, November 1401 



Thermoplastic elastomers." R. Bonart 

15 
7- v = 200  °C 
A : tv-" lOs  , t A -~eo 
B :tv'-lOs, t r = 5rnin 

10 C : t v -" 10 s 

z 

5 c 

A 
, , i i i i * L i i 

O ' ' 

5 0  1 0 0  150 2 0 0  

r (°C) 
Figure 25 Shrinkage force o f  reheated P M M A  samples wh ich  were 
f rozen- in under d i f f e ren t  condi t ions 

the shrinkage force to lower temperatures, the results would 
pass through absolute zero (Figure 23). 

Elements with a softening temperature up to about 170°C 
clearly experience the same elementary stress. However, ele- 
ments with softening temperatures above 170°C are not 
completely loaded in spite of the deformation temperature 
of 200°C. This occurs because the deformation time of only 
10 s was too short compared with the retardation time of 
the elements which become soft just below the deformation 
temperature, allowing them to become completely loaded. 
These elements start to yield, therefore, under the stress of 
the less stable but more completely loaded elements. This 
gives rise to stress relaxation, i.e. to the shrinkage force drop- 
ping above 170°C. 

Figure 23a refers to a sample which was deformed at 
120°C, such that the whole elongation is stored in only a 
few rather unstable elements, which consequently become 
highly strained and experience high elementary stresses. A 
steeply increasing shrinkage force is found, therefore, which 
drops with approximately the same slope as soon as incom- 
pletely strained elements become mobile. From the position 
of the maximum it is seen that only elements with a soften- 
ing temperature slightly below the deformation temperature 
have become incompletely loaded. This occurs because their 
retardation times are too long compared with the straining 
time. This is the same as the effect mentioned previously 
with respect to Figure 23e. 

The decrease in shrinkage force with increasing tempera- 
ture is due to a reorganization of elementary stresses. This 
takes place as soon as elements become mobile; because they 
are less loaded, these start to yield under the stress of the 
more unstable elements. This occurs without any loss of 
the stored deformation. Figures 23a and 23b show a break 
occurring at about 120 ° and 150°C, respectively, which is 
related to corresponding breaks in Figure 19 indicating a de- 
crease or increase, respectively, in the elementary 
compliances. 

On reheating a frozen-in sample with free ends, the ele- 
mentary strains seen in Figure 24 become observable. Figure 
24a refers to a sample extended at 120°C, such that the 
whole deformation is stored in elements with softening tem- 
peratures below or up to 1200C. The sample retracts to its 
original length in only one step, which takes place when the 
straining temperature is reached again. At a deformation 
temperature of 220°C (Figure 24J') the stored deformation 
is distributed over elements with softening temperatures up 
to 220°C. The original length of the sample is reached only 
step by step in this case. Shrinkage commences at about 
70°C and continues until 220°C, since some strained ele- 

ments which are frozen-in at 200°C will become mobile, for 
example, at 210°C. The shape of the curve is roughly the 
same as in Figure 19a except for the fact that flow in Figure 
19 rises (in principle) to infinity whereas shrinkage in Figure 
24 comes to an end when the original length of the sample 
is reached. 

So far we have discussed stress and strain crosslinking 
based on an invariant crosslink spectrum. This is in contra- 
diction to the fact that shrinkage (see Figure 24) sets in at 
about 60 ° to 70°C, whereas creep (see Figure 19) does not 
develop below 105°C. The discrepancy cannot be explained 
by elementary stresses coming into action which are larger 
than the external load in the creep experiment, because the 
temperature of initial shrinkage falls with decreasing elemen- 
tary stress. This is clear in Figure 23 as well as in Figure 24. 
However, the discrepancy can be attributed to a variation 
in the crosslink spectrum because of the free volume which 
becomes frozen-in when the sample is quenched. From den- 
sity measurements, it can be seen that the free volume will 
increase with increasing deformation temperature, resulting 
in a decrease in crosslinking stability. This is in accordance 
with the fact that the initial shrinkage takes place at a tem- 
perature which is lower, the higher the initial deformation 
temperature was. The free volume effect can further be illus- 
trated by a variation in the cooling conditions. 

Figures 25 and 26 show the shrinkage and shrinkage force, 
respectively, for three samples which were extended at 
200°C: (a) cooled slowly at constant length; (b) held at the 
deformation temperature for 5 min and subsequently 
quenched in ice water; and (c) being quenched immediately 
after extension. Shrinkage sets in for case (a) at 105°C, suf- 
ficiently in accordance with Tg seen from Figure 19. Initial 
shrinkage takes place in cases (b) and (c) well below Tg at 
approximately the same temperature, since in both cases the 
same free volume is frozen-in. 

The shape of the three curves is different as a result of an 
internal reorganization of elementary stresses and strains. 
The overall deformation becomes stored in more stable ele- 
ments when the sample is held for a certain time at elevated 
temperature. This also includes elements whose softening 
temperature is higher than the deformation temperature. 
Figure 26 is correspondingly understood, since the larger 
the number of elements to become strained the smaller the 
elementary stresses will be, provided that the overall defor- 
mation remains constant. 

This refers once more to a relaxation process which takes 
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Figure 26 Shrinkage of reheated PMMA samples after being 
frozen-in under different conditions 
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place without any loss of the stored deformation. 
The measuremm~ts in tTigllrCS 2.5 and 26 reveal dilTcrenl 

distributions of  elementary stresses and strains, based on one 
and the same crosslink spectrum in cases (b) and (c) bul on 
a slightly modified spectrum in case (a) due to different 
cooling conditions. Similar wtriations of the crosslink spec- 
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trqnl tire br(mght :1bout in segmented block-c~q~ol~'mers b\ 
stretch-induced crvstalli/atiou x,,hich sotnctimes gives rise tn 
a sonlewhat confusing situali¢~lt. Wc ti,?el sure l]1:,¢ ;2n nnlysis 
of the phenon~enological results will be pro,meted by dislin- 
o uishing the distribution of e.emenlary slrcsses and strains 
t'n)m the crosslink spectrum {~1 lhe matcrinl. 
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