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Abstract: The scattering behavior of pre-drawn and annealed bristles of a 
highly deformable poly(ether ester) thermoplastic elastomer based on 
poly(butylene terephthalate) as hard segments and poly(ethylene glycol) as soft 
segments in a ratio of 57/43 wt.-% is studied. Small-angle x-ray scattering 
measurements with an area detector are carried out on bristles with and 
without application of stress up to 195% relative deformation. Two-dimen- 
sional scattering patterns are used for morphological characterization of the 
sample. 

At small deformations one morphology peak is found, corresponding to a 
periodicity that changes affinely with deformation. The morphology of the 
sample represents assemblies of mutually parallel crystalline lamellae, posi- 
tioned perpendicular to the stretching direction both under and without stress. 
When macrodeformation increases a second peak appears, and a four-point 
pattern is observed in the relaxed state. In this intermediate deformation range 
coexisting morphologies contribute to the scattering. Additional contributions 
arise from lamellae, which are inclined to the stretching direction, as well as 
from lamellae, which are again perpendicular to the stretching direction, as a 
result of microfibril relaxation and loss of interfibrillar contacts. At large 
deformations the latter morphology dominates and the 2D-scattering pattern 
again shows a two-point character. A morphological model for this behaviour 
is discussed, where the break of interfibrillar contacts during deformation and 
the inhomogeneous stress field in the sample play an important role. 

Key words: Thermoplastic elastomers - deformation behavior - x-ray 
scattering - long spacing 

Introduction 

In recent  studies of  poly(e ther  ester) (PEE)  ther-  
moplas t i c  e las tomer  based on  poly(buty lene  
te rephtha la te )  (PBT)  as ha rd  segments and  
poly(e thylene  glycol) (PEG)  as soft segments 
( P B T / P E G  = 49/51 wt . -%) the unders t and ing  of  

the de fo rma t ion  mechan i sm was a t tempted .  F o r  
this pu rpose  the re la t ionship  be tween the external  
(macro-)  de fo rma t ion  e and  the m i c r o d e f o r m a t i o n  
(on morpho log ica l  level expressed by  the changes  
in the long  spacing L) was fol lowed within a b r o a d  
de fo rma t ion  range by  means  of  small-angle x-ray 
scat ter ing (SAXS) [-1-5]. Th e  affine and  reversible 
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increase of L at low macrodeformations (up to e 
= 50-75%) is found to be related to reversible 

conformational changes in the intercrystalline 
amorphous regions in accordance with previous 
reports on polyethylene [6, 7] and other thermo- 
plastic elastomers [8-13]. At this level of defor- 
mation a second long spacing L 2 appears with 
value close to the starting one L ~ and remains 
constant up to e = 200-300% [1-3]. L 2 arises as 
a result of elimination of interfibrillar contacts 
and relaxation of some microfibrils [1]. 

In a subsequent study [4] the morphological 
changes in drawn and undrawn PEE, being of 
conventional and increased molecular weight 
were followed by means of two-dimensional (2D) 
SAXS patterns [4]. At low macrodeformations no 
substantial morphological changes occur and the 
morphology of the drawn samples can be envi- 
saged as assemblies of mutually parallel crys- 
talline lamellae positioned perpendicular to 
stretching direction (SD). In the absence of ex- 
ternal stress after previous deformation the 
morphology changes towards the formation of 
zigzag-shaped lamellae, i.e., lamellae within 
microdomains are inclined with respect to the SD. 
After loading, they take perpendicular position to 
the SD and thus smoother assemblies of parallel 
lamellae are formed. This morphological tran- 
sition from zigzag to smooth lamellae is found to 
be reversible and becomes more pronounced with 
the progress of deformation [4]. 

tt should be noted that the described morpho- 
logical study was performed only with respect to 
the first type of long spacings expressed by L 1. 
The second type of long spacings, i.e. L2 was 
poorly resolved or even absent in the 2D-SAXS 
patterns. For this reason it was not possible to 
perform similar morphological characterization 
for the lamellae giving rise to L a. 

Such an opportunity appeared after changing 
the stabilizer used in the synthesis of PEE. All 
samples discussed above [1-5],  which for conven- 
ience in the following text will be referred to as 
PEE I, are stabilized by means of an oligomer, 
containing hindered phenolic and secondary 
amino groups [14]. Using a new phenolstyrene 
based stabilizer named BFSA-215 a PEE 
(PBT/PEG = 57/43 wt.-%) with improved mech- 
anical properties was obtained. This new material 
will be further denoted as PEE II. In the undrawn 
state it reveals a deformation at break up to 

e = 1200% (against e = 600% for P E E I  [15]). 
It is the aim of this work to characterize the 

morphological behavior of PEE II and to focus in 
particular on the change of crystalline lamellae 
and morphology during intermediate and large 
deformations by means of 2D-SAXS. 

Experimental 

The starting material represents a polyblock 
PEE comprising PBT as hard segments and PEG 
molecular weight of 1000 and polydispersity of 
1.3, according to gel permeation chromatography 
analysis [1] as soft segments in a ratio of 57/43 
wt.-%. The synthesis was carried out on a semi- 
commercial scale as described elsewhere [16]. The 
BFSA-2 stabilizer was chosen since it leads to the 
best mechanical properties of PEE in comparison 
to five other stabilizers keeping at the same time a 
comparatively high relative viscosity of 1.66 [15]. 
The sample was shaped as a bristle, drawn at 
room temperature to five times its initial length, 
and then annealed with fixed ends for 6 h in 
vacuum at a temperature of 170 ~ 

The SAXS experiments were performed with a 
pinhole camera on an 18 kW rotating-anode gen- 
erator using CuK~ radiation and a graphite 
double monochromator.  An area gas detector 
with 512 x 512 pixels and 0.2 mm spatial resolu- 
tion in each direction was used and the sample- 
to-detector distance was set to 123 cm. Each 
measurement under stress o- was immediately fol- 
lowed by another one in the absence of stress (o- 
-- 0) before applying the next, larger deformation. 

All 2D patterns were obtained and processed by 
means of General Area Detector Diffraction Soft- 
ware from SIEMENS. They were averaged over 
four points in a small box to reduce statistical 
variations. Meridional and azimuthal integration 
was performed at different azimuthal (Z) and 
scattering (0) angles, respectively. The azimuthal 
scans presented in this paper were taken in the )~- 
range 0-180 ~ and at scattering angles of max- 
imum intensity for the peaks of interest. Further 
details on the preparation and the treatment of 
the sample as well as the conditions of the SAXS 
measurements can be found in ref. [1]. A meridio- 
nal integration at )~ = 90 ~ for instance thus corres- 
ponds to a cut through the detector along a line 
from the lower to upper middle of the detector (y- 
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direction), and the intensity is then typically aver- 
aged over _+ 10 pixels in the x-direction. The data 
are generally corrected for background scattering, 
detector efficiency, change of sample volume dur- 
ing stretching and counting time. Curves are thus 
comparable  with one another while they are not  
on an absolute scale. 

Results 

In Fig. 1 some typical two-dimensional diffrac- 
tion patterns of PEE II in different deformation 
states are shown. All experimental graphs re- 
presented are derived from 2D patterns by means 
of radial or circular integration. Thus, the small- 
angle scattering curves given in Fig. 2 taken at 
various deformation states of the sample, i.e. with 
and without  application of stress, are obtained as 
slices through the 2D pattern in the vertical direc- 
tion, i.e., along the fiber axis. It is seen that the 
strain affects both  the angular position and the 
intensity of the maxima. Splitting of the peak into 
two maxima (four-point diagram) is observed af- 

ter macrodeformations of e = 75% and 100% 
(Fig. le) for relaxed samples. Similarly, for e 
= 75% and 100% one observes an indication of 

splitting in meridional direction (Fig. lb). 
The effect of the relative macrodeformat ion e on 

the long spacing L, obtained from Fig. 2 is shown 
in Fig. 3. The open symbols refer to measurements 
under stress, whereas the filled ones refer to mea- 
surements without application of stress (o-= 0) 
after applying a deformation e > 0. Starting from 
L ~ -- 150 ~, a large increase of the long spacing 
(denoted as L1) with increase of the relative defor- 
mation can be observed up to ~ = 100%. At e 
= 75% and 100%o a second long spacing L2 

arises, its value being close to the initial one and 
remaining the same for the next, larger deforma- 
tions e = 125% to 195%. At the same time, the 
corresponding second long spacing, measured 
without stress drops abruptly to 125/~. Also, after 
relaxation the first spacing Lt  relaxes to L] el 
which is close to the initial value at ~ = 0 and to 
L 2 . 

It is seen that in the deformation range 
= 0 - 5 0 %  the changes of La are completely re- 

Fig. 1. Selected 2D x-ray diffraction patterns of PEE II representative for the states of deformation investigated. The 
measurements shown are performed at: a) ~ = 0% (the sample is previously drawn five times and annealed with fixed ends); b) 

= 75%; c) ~ = 195%; d) remaining plastic deformation e = 1.5% without stress (a = (3) after previous measurement at 8 
= 20%; e) remaining plastic deformation ~ = 53% without stress (a = 0) after previous measurement at e = 100%; f) 

remaining plastic deformation ~ = 100 % without stress (a = 0) after previous measurement at e = 195 %. Fiber axis is vertical. 
Different colours correspond to different intensity ranges. Angular range (20) shown ranges from - 1.5 to 1.5 deg 
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Fig. 2. SAXS curves of the sample obtained from the 2D 
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number denotes the relative deformation e, at which each 
measurement is carried out, whereas the plastic overall defor- 
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Fig. 3. Dependence of the long spacing L measured under 
(�9 and without stress (O) on the overall relative deforma- 
tion e, at which the measurement is carried out. The primed 
numbers denote measurements in the absence of stress (tr 
= 0). The deformation e changes as follows: 1-0%; 2-20%; 

2'-1.5%; 3-50%; 3'-3.6%; 4-75%; 4'-27.5%; 5-100%; 
5'-53%; 6-125%; 6'-60%; 7-150%; 7'-85%; 8-195%; 
8'-100%. This plot is derived from the scattering curves 
shown in Fig. 2. The lines are guides for the eye 

versible, and in the range e = 0-100% the in- 
crease of L t with deformation is affine. In the 
deformation interval 75-100% the coexistence of 
two maxima in the scattering curves is observed 
(Fig. 4): the reflection at e = 75% and e = 100% 
has to be fitted by a superposition of two gaussian 
curves as indicated by the dashed lines. The solid 
line in Fig. 4 represents the fit and the experi- 
mental data are reasonably described. This su- 
perposition is only necessary for these two 
deformation states with sample PEE II, whereas 
in PEE I this interval was observed between 50% 
and 75% [-1-3]. 

In order to get some information concerning 
the position of the assemblies of the parallel 
crystalline lamellae with respect to SD, the ques- 
tion of if the SAXS patterns are of two-point or 
four-point type should be clarified. A direct an- 
swer to this question is given by the 2D-patterns, 
as they are represented in Fig. 1, but a quantita- 
tive evaluation requires azimuthal scans (Z 
= 0-180 deg) across peaks seen in Fig. 1. The 

results from the measurements carried out under 
stress are displayed in Fig, 5a, where the overall 
deformation e is taken as a parameter. As can be 
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Fig. 4. Double  Gaussian fit of SAXS data points obtained by 
meridional integration at Z = 90~ for the sample at e = 75% 

seen, there is only a single maximum, i.e., a two- 
point, 2D-pattern is always obtained. With pro- 
gressing deformation (e = 50-195%) this 
maximum flattens and decreases in intesity. In 
Fig. 5b azimuthal scans of the maxima in the 
absence of stress are presented. In this case the 
maximum splits with progressing plastic deforma- 
tion in the range from 27.5 to 53%, which means 
that one deals with a four-point 2D-pattern, as 
can be also clearly seen in Fig. le for the case of 
residual deformation e = 53 % after a deformation 
of 100%. 

For the description of azimuthal scans through 
the peaks a single gaussian fit was always at- 
tempted. This was successful for low and high 
deformation states, while in particular at inter- 
mediate deformation states a superposition of two 
plus one gaussian curves (i.e. a superposition of a 
four-and two-point pattern) had to be taken. This 
is demonstrated in Fig. 6 for the six patterns 
shown in Fig. 1. To obtain a reasonable fit to the 
azimuthal scans of the undeformed or slightly 
deformed samples (Fig. 6a, d) a single gaussian is 
sufficient, while for the relatively flat curve of 
= 75%, a superposition of three gaussian curves 

is needed (Fig. 6b). For the relaxed sample of Fig. 
6e it is also evident that two gaussians (plus a 
contribution of a single gaussian) have to be 
taken, while for the sample with e = 195% in the 
stretched and relaxed state (Fig. 6c, f, respectively) 
the fit with one gaussian yields again a reasonable 
description. 

Summarizing the results shown in Figs. 4-6, it 
is seen that at all deformation levels the 2D-SAXS 
patterns are of two-point type. In some of the 
relaxed samples (5 = 75-100%) the two-point 
patterns transform into four-point ones. In the 
same deformation range a second (higher-angle) 
component  in the  peak appears. One can con- 
clude that the two-dimensional SAXS patterns in 
the deformation range e = 50-195% are relatively 
complex. A detailed analysis of the 2D-scattering 
patterns taken under and without stress is needed 
to reveal underlying morphological changes of 
PEE materials under investigation. 

Discussion 

The application of SAXS for morphological 
characterization upon deformation is limited by 
the interpretation difficulties related to the com- 
plex nature of morphological changes. It is almost 
impossible to evaluate and distinguish the contri- 
bution to the scattering pattern of numerous 
structural parameters changing simultaneously 
during the deformation. An approach to solve this 
problem, particularly in the case of thermoplastic 
elastomers, is proposed by Pakula et al. [8, 9] who 
introduced a simplified model of one-dimensional 
assemblies of cylindrical domains arranged in a 
plane perpendicular to the incident x-ray beam. 
Further details of the model and underlying as- 
sumptions are discussed in the original papers [8, 
9]. This approach was used for the morphological 
characterization of the structure giving rise to L 1 
in a previous study on PEE 14, and it will be 
applied in the present work to PEE II, too. 

Let us consider the morphological behavior of 
PEE II as indicated by the scattering patterns. We 
can distinguish three deformation ranges: (i) low 
deformations, e = 0-50%, (ii) intermediate defor- 
mations, e = 50-100%, and (iii) large deforma- 
tions, e = 100-195%. The 2D-scattering patterns 
are quite different in the different regions, and also 
the relaxation behaviour reveals those differences. 
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In particular the intermediate regime can be 
viewed as a transition regime, where two mor- 
phologies coexist. In the low deformation range 
(up to e = 50%) the scattering curves are charac- 
terized by one maximum as Shown in Figs. la and 
2. This maximum reflects the periodicity of the 
crystalline lamellae created during the initial pro- 
cessing of the samples (drawing and annealing or 
vice versa) prior to the SAXS measurements and 
corresponds to a two-point scattering pattern in a 
2D-plot as can be concluded from Fig. la, or from 
the azimuthal scans for the measurements under 

(Fig. 5a) or without (Fig. 5b) stress. The structure 
of the samples can be characterized in morpho- 
logical aspect as representing assemblies of 
mutually parallel crystalline lamellae positioned 
perpendicular to SD, this arrangement remaining 
unchanged for both modes of measurements- 
under or without stress. The differences in the 
angular position and the intensity of the 
scattering peaks (Fig. 2), indicate reversible 
changes in the interlamellar distances (Fig. 3) as 
well as in the electron density difference between 
crystalline and amorphous regions, respectively 
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Fig.  6. G a u s s i a n  fits to  data  po ints  o f  a z i m u t h a l  scans  (Z = 0 - 1 8 0  deg)  per formed at the peak  pos i t i on  for samples  in different 
d e f o r m a t i o n  states: a) e = 0; b) ~ = 75%; c) e = 195%; d) remain ing  plast ic  d e f o r m a t i o n  ~ = 1.5% w i t h o u t  stress (a = 0) after 
prev ious  m e a s u r e m e n t  at e = 20%; e) remain ing  plast ic  de format ion  e = 5 3 %  w i t h o u t  stress (a  = 0) after �9  
m e a s u r e m e n t  at e = 100%; 1) remain ing  plast ic  d e format ion  e = 100% w i t h o u t  stress (a = 0) after prev ious  m e a s u r e m e n t  at 
= 195%.  The  d a s h e d  l ines indicate  the indiv idual  gauss ian  curves,  the so l id  l ines the best  overal l  fits to data  po ints  by  a 

superpos i t i on  o f  the ind icated  gauss ian  curves  
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[,1-4]. There is a quite significant increase in peak 
intensity (Fig. 2a) during the first elongation (~ 
--20%, while the intensity then strongly de- 

creases at e _> 50%. It should be noted that the 
intensities in Fig. 2 are in an arbitrary scale, but 
can be compared to each other since data are 
corrected for the volume change of the samples 
during elongation. The change in intensity at low 
deformations is much more pronounced with 
PEE II as compared to P E E I  [1-4] and should be 
related to a corresponding change in electron 
density contrast between crystalline and amor- 
phous regions. Thus one can assume that first 
segments in the amorphous regions are extended 
during deformation giving rise to a drop of the 
density in the amorphous regions. At higher de- 
formations also stiff sequences from the crystalline 
regions are pulled out, thus reducing the density 
of those and increasing the density of the amor- 
phous regions again. The contrast or electron 
density difference is thus reduced. Based on those 
arguments one can also understand that the in- 
tensity after relaxation (Fig. 2b) does not reach the 
initial value (e.g. only approximately 80% of the 
initial value for e = 3.6% after 50% elongation), 
while the long period essentially recovers, since 
those sequences cannot be incorporated into the 
crystalline regions again. There are, however, no 
indications for changes in the order of the lamel- 
lae or scattering elements with respect to SD. 

Rather different is the scattering behavior of the 
same crystalline lamellae in the intermediate de- 
formation range. As shown in Figs. lb and 5a for 
measurements under stress, the maximum signi- 
ficantly broadens in azimuthal direction. For the 
relaxed samples in this range (Figs. lc and 5b) in a 
two-dimensional presentation a four-point 
scattering pattern appears, indicating that the 
lamellae are again parallel to each other, but 
inclined to SD, thus forming a zigzag shaped 
morphology. The trend toward formation of zig- 
zag positioned parallel lamellae is promounced 
only at intermediate deformation states and is 
valid for both states of the samples - under and 
without stress, as will become evident from a 
careful analysis of the azimutal scans over the 
mexima (Fig.6) - quite similar to previous obser- 
vations with PEE II [-4] where zigzag-shaped 
morphology is observed for samples with conven- 
tional and particularly with increased molecular 
weight but only when the sample is in its relaxed 
state (tr = 0). 

In the intermediate deformation range (e 
= 75-100%) the indication of a second scattering 

peak, coexisting with the first one, also in meridio- 
nal direction, arises. Although this peak is not very 
well pronounced, a single gaussian fit cannot 
describe the shape of the scattering curve (Fig. 4). 
A possibility for the appearance of the second 
long spacing L 2 can be the drastic shrinkage of the 
interlamellar distances due to the relaxation of the 
microfibrils as a result of loosing of interfibrillar 
contacts at higher deformation levels (usually 
above 75%) [-1]. In this case L 2 remains constant 
with further deformation keeping a value close to 
the starting L ~ thus implicitly proving its origin 
[1]. This picture is consistent with the results at 
larger deformations discussed below, and the in- 
termediate deformation range can be viewed as a 
transition region, where morphologies present at 
low and large deformations coexist. There are, 
however, other features like the zigzag-shaped 
lamellae, which are not significantly present in 
either deformation range. 

Information on the morphological peculiarities 
of the lamellae can be gained from a more detailed 
analysis of the azimuthal scans of the scattering 
peaks (Fig. 5, 6). The intensity distribution in 
particular at intermediate deformations broadens 
and reveals a four-point fiber diagram after re- 
laxation. One thus can conclude that the second 
type of lamellae which are responsible for the 
second periodicity L 2 in the higher deformation 
range morphologically can be represented as as- 
semblies of parallel crystalline lamellae positioned 
perpendicular to SD. The position relative to the 
SD is unaffected by the loading or unloading of 
the sample during the SAXS measurements in the 
deformation range _(e = 75-160%. L2 remains 
constant ( L  2 = 160 A) at large deformations and 
the lamellar thickness does not change either [-3, 
5]. It follows that the distance between the lamel- 
lae of the seond type is insensitive to the macrode- 
formation in contrast to the behaviour of the 
lamellae of the first type. 

This observation supports the assumption that 
the second type of periodicity arises as a result of 
relaxation of microfibrils after loosening some of 
the interfibrillar contacts due to pulling out of tie 
molecules. Because of the lack of interfibrillar 
contacts these "new" assemblies of parallel lamel- 
lae no longer participate anymore in the deforma- 
tion and subsequent relaxation processes and retain 
their perpendicular position with respect to SD, 
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which is typical for the morphology of the starting 
structure and that of lower deformation level. 

It is evident from Fig. 6 that the zigzag-shaped 
lamellae only appear in connection with the 
planar ones with both morphologies always pre- 
sent at the same time. The volume fraction of 
tilted lamellae is much larger in the relaxed sam- 
ples giving rise to the four point patterns (Fig. 6b 
versus Fig. 6e). Also with respect to the presence 
of relaxed fibrils at larger deformations, which 
seem to be also present at intermediate deforma- 
tions (Fig. 4), one might speculate that those 
features are connected with the loosening of con- 
tacts between fibrils. A possible model thus would 
include at intermediate deformation levels coexis- 
ting fibrils of different kinds: (i) affinely deformed 
fibrils of the original morphology containing 
planar lamellae of spacing L~, (ii) relaxed fibrils, 
which have lost interfibrillar contacts and contain 
planar relaxed lamellae with spacing L]el= L ~ 
and (iii) tilted lamellae, which might be origin- 
ating from fibrils connecting fibrils of type (i) and 
(ii). They might at one side be connected by tight 
molecules, which are embedded in both sides, to 
the affinely deformed fibrils of type (i) and might 
have lost on the other side contact to fibrils of 
type (ii), which are relaxed. The deformation on 
one side and relaxation on the other could result 
in tilted lamellae. The state of deformation in the 
sample might be thus quite inhomogeneous along 
the length of a fibril, having lost contact at one 
place and still in contact at another. The zigzag 
shaped lamellae might be thus a consequence of 
partial break of interfibrillar contacts along fibrils 
and a strongly inhomogenious stress field inside 
the samples. This picture is supported from the 
results of relaxed samples, where again due to 
irreversible break of interfibrillar contacts and 
incomplete slippage of neighbouring lamellae due 
to partial connections by tight molecules a strong 
distortion of some fibrils occurs. The presence of a 
relatively well defined tilt angle might be ex- 
plained by a balance between energies needed to 
pull out a chain from the neighbouring fibril 
followed by a slip in relation to the energy needed 
for a further distortion and tilt of the lamellae. 
This model is of course very schematic in dis- 
cussing three extreme cases and intermediate sta- 
tes could well be possible. 

At large deformations (100% to 195%) inter- 
fibrillar contacts are largely lost and the zigzag 
morphology does not dominate any more. In 

relaxed samples there is, however, still some indi- 
cation of the presence of some tilted lamellae as 
can be seen from Fig. 6f. Here a simple gaussian fit 
indicated by the solid line does not give a perfect 
description of this azimuthal scan, but the addi- 
tion of a small contribution of another two gaus- 
sians improves the fit considerably. This may be 
explained by the existence of a certain number of 
interfibrillar contacts also present for the relaxed 
morphology. Some tight molecules are of course 
still needed for mechanical strength of the mater- 
ial, while fibrils are largely relaxed. For PEE with 
increased molecular weight on the other hand the 
existence of a larger number of interfibrillar con- 
tacts resistant to deformation, which may be cre- 
ated by additional solid state reactions, can 
explain the presence of the zigzag-like morpho- 
logy in the entire deformation range as well as the 
observed reversible morphological transition 
from zigzag shaped lamellae to smoother ones as 
recently reported I-4]. 

Conclusion 

In conclusion a detailed analysis of 2D x-ray 
scattering patterns of particular PEE materials in 
a large deformation range reveals the importance 
of interfibrillar contacts for the deformation beha- 
viour. While the material is still affinely deformed 
at low elongations, interfibrillar contacts are 
largely lost at large deformations. In the inter- 
mediate deformation range a transition between 
those two morphologies is observed giving rise to 
a superposition of different contributions. Thus 
both the affinely deformed as well as the relaxed 
planar lamellae are present, but also tilted lamel- 
lae originating from largely deformed fibrils in an 
inhomogenious stress field. In the relaxed state 
even a four point pattern is observed. Although 
the deformation behaviour of PEE materials is 
thus relatively complex, a reasonable model can 
be obtained describing experimental observa- 
tions. 
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