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Figure 5. Schematic picture of the situation of a chain in the 
nematic state. The coexistence of equivalent transoid and cisoid 
enchainments astride mesogen units gives rise to an average chain 
axis z substantially parallel to the rigid units. Any z', connecting 
two subsequent mesogens, can lead, in the case of polymers, to  
unlikely estimates of this axis. 

in case of polymer chains, to unreliable estimates of the 
average chain axis. 

The valence angle at the ether oxygen is now set at  118", 
in agreement with crystallographic data on model com-. 
pounds. The result of these geometrical changes is that 
of giving rise to a O2 angle of ca. 10" between z and 2,. This 
increases the orientational order parameter of ca. 5% 
relative to the values obtained in paper 1. A smaller effect, 
ca. 290, is predicted on the orientational order parameter 
obtained from 'H NMR due to the slight tilting of the 
phenylene rings with respect to the new average chain axis. 
The new values range from 0.79 to 0.86 as the temperature 
decreases from 216 "C (the isotropic-nematic transition 
temperature) to 180 OC. Such effects are small enough to 
leave all conclusions drawn in paper 1 substantially un- 
changed. 

Concluding Remarks 
Decoupling of coformational jumps from chain reorien- 

tational motions rests on the different correlation times 
of these two kinds of motion. This approach allows for 

a more realistic definition of the average chain axis and 
for a more reliable valence angle, at  the ether oxygen atom 
without any modifications of t h e  ca lcu la ted  2H NMR 
spec t rum and only small adjustments of the orientational 
order parameters obtained from 2H and lH NMR data. 
This is due to the fact that polymethylene spacers with 
an even number of chains atoms keep, in the highly ex- 
tended conformations, the average chain axis z very close 
to z,, with an angle O2 on the order of a few degrees. From 
this observation we can immediately devise an interesting 
extension of the present analysis to the case of spacers with 
an odd number of chain atoms. In this case, in fact, the 
highly extended conformers cannot keep the mesogens 
parallel to each other but rather tilted a t  ca. 60" so that 
a much stronger effect from P2(cos 0,) is expected on the 
S' factor (see eq 2), giving rise to smaller observed split- 
tings, while conformational mobilities are not expected to 
depart substantially from the results of calculations already 
carried out for the even-membered spacer: where three 
quadrupolar splittings, with different relative magnitudes, 
are computed as the elongation of the spacer is changed. 
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ABSTRACT: Small-angle X-ray scattering (SAXS) and strain measurements were performed a t  various 
orientations with respect to the stretching direction of a polybutadiene-hydrogenated elastomeric poly- 
styrene-polybutadiene-polystyrene (SBS) block polymer cast under the form of either cylindrical or spherical 
morphology. The two materials consisted of randomly oriented grains having either an hexagonal packing 
of polystyrene cylinders or a predominant face-centered-cubic packing of polystyrene spheres. Because both 
these materials exhibited an  isotropic and isochoric macroscopic deformation in agreement with the strain 
ellipsoid model, they were considered as model systems for applying a general relation proposed for testing 
the affinity of grain deformation in mesomorphic block polymers. In this relation also based on the strain 
ellipsoid model, the Bragg spacing strain, d/do, for a family of planes with their normal a t  an angle w with 
respect to the stretching direction is given as a function of w and the longitudinal macroscopic strain, ax, by 
the formula d/do = [ar2 cos2 w + ( l / a x )  sin2 w ] ~ / ~ .  Upon stretching, the SAXS patterns of both the cylindrical 
and the spherical SBS-H systems exhibited elliptical lattice reflections from which were computed Bragg spacing 
strain d /do  values in good agreement with the proposed formula. The tests were limited to an upper draw 
ratio of 2.3 above which the lattice reflections were either severely truncated or nearly superimposed. 

Introduction 
Thermoplastic two-phase elastomers consisting of block, 

graft, or segmented polymers exhibit unique mesomorphic 
structures and mechanical properties that have stimulated 
a great deal of applied and theoretical works in the liter- 
ature.l Among these materials, styrene-diene poly- 
styrene-polybutadiene-polystyrene (SBS) and poly- 
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styrene-polyisoprenepolystyrene (SIS) three-block poly- 
mers have been extensively studied. They are known to 
yield mesomorphic structures in which, depending upon 
their composition and their preparation, the cross-linking 
polystyrene microphase takes the form of spheres, cylin- 
ders, or lamellae arranged in regular arrays over large 
domains of the material. In fact, these domains form 
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grains large enough to yield well-defined X-ray diffraction 
patterns from which their structure can be characterized. 
Although some important features concerning the modi- 
fications of their mesomorphic structures upon macro- 
scopic deformations such as simple elongation or simple 
shear have been documented in the their 
deformation mechanisms a t  the microscopic level is far 
from being fully understood. 

In a previous paper'l we reported that a polybutadiene 
hydrogenated SBS polymer (hereafter designated as 
SBS-H sample) having a polystyrene weight fraction of 
0.29 can yield solvent-cast film specimens in which 
spherical, cylindrical, or lamellar polystyrene microdomains 
are formed, depending on the solvent used for their 
preparation. When cast from heptane solution, the SBS-H 
sample yields specimens with spherical morphology that 
exhibit nearly reversible stress-strain curves similar to that 
of unfilled vulcanized rubber. In contrast, cyclohexane 
yields specimens with cylindrical morphology that show 
stress softening upon their first extension, while toluene 
yields specimens with lamellar morphology that exhibit 
yield and neck propagation. Note that these three solvents 
are all good solvents for hydrogenated polybutadiene but 
exhibit marked affinity differences for polystyrene, hep- 
tane being a precipitant, cyclohexane a poor solvent, and 
toluene a good solvent for that polymer. 

In a more recent paperI2 we reported a small-angle X-ray 
scattering (SAXS) study devoted to the deformation be- 
havior of the lamellar SBS-H specimens cast from toluene 
solutions. The structural changes occurring in the necking 
process of these specimens consist of a cascade of events 
involving first a disruption of the polystyrene microphase 
in the less ordered regions located at the grain boundaries 
followed by a rotation and a shear of the lamellar grains. 
The latter process occurs once the direction of the lamellae 
reaches an orientation close to 20' with respect to the 
stretching direction. This succession of events was in- 
terpreted as the lowest energy path imposed by the me- 
chanical anisotropy of the grains. It was also shown that 
the deformation of the rubbery chains within the grains 
was affine with respect to the macroscopic deformation. 
a similar study was made on the specimens cast from cy- 
clohexane and heptane solutions. Owing to their well- 
defined morphologies, both these latter types of specimens 
also provided SAXS data that can be used for an inter- 
pretation of their deformation mechanisms a t  the micro- 
scopic level. The present paper describes the most sig- 
nificant results inferred from this study together with 
considerations related to the interpretation of the SAXS 
data showing that measurements performed on stretched 
specimens may contribute to a better characterization of 
the mesomorphic structures of elastomeric block polymers. 
Also described is a theoretical relation based on the strain 
ellipsoid model that can be used for testing affinity of grain 
deformation in these materials. 

Experimental Section 
Materials. The polybutadiene hydrogenated SBS block 

polymer (SBS-H) was a commercial polymer manufactured by 
Shell Chemical Co. under the name Kraton GX-6500. Its num- 
ber-average molecular weight was 6.9 x lo4 and its polystyrene 
weight fraction was 0.29. Other characteristics concerning the 
chemical structure of its midblock and its thermal properties are 
given in a previous paper." Film specimens of the SBS-H sample 
were prepared by solvent casting at room temperature from 5% 
solutions. The solutions were filtered and poured into a rec- 
tangular (6 cm X 6 cm) stainless steel frame partially immersed 
into mercury. The casting unit was set up into a laboratory 
dessicator in which an appropriate and gradual reduction of 
pressure was applied in order to slowly evaporate the solvent for 
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a period of 3-4 days. The film specimens about 0.7 mm thick 
were subsequently dried for a week under high vacuum. The 
specimens with cylindrical morphology were obtained from cy- 
clohexane solutions while those with spherical morphology were 
obtained from heptane solutions. Both solvents were reagent grade 
materials. Test pieces for SAXS and strain measurements were 
cut into rectangular strips about 3 cm long and 0.5 cm wide. They 
were stretched and held to appropriate draw ratios by means of 
a homemade screw-controlled extension holder fitted out with 
flat jaws. 

Small-Angle X-ray Scattering and Strain Measurements. 
The small-angle X-ray scattering patterns were recorded on 
photographic films with a Model 2202 Rigaku-Denki goniometer 
provided with a two-pinhole collimator. Ni-filtered Cu K a  ra- 
diation ( A  = 0.154 nm) was generated by a Philips tube operated 
at 40 kV and 20 mA. The second pinhole, specimen, and pho- 
tographic film were placed at 300,320, and 630 mm from the first 
pinhole, respectively. For each draw ratio, a series of three 
patterns were recorded with increasing exposure time. For the 
first pattern of the series the collimator assembly consisted of 
0.3- and 0.2-mm pinholes while for the other patterns it consisted 
of wider 0.5- and 0.3" pinholes. The X-ray beam impingement 
was centered into a circular ink mark of about l-mm diameter 
drawn on the plane of the unstretched specimen. The actual 
longitudinal strain, ax, along the stretching direction was de- 
termined by measuring the deformation of this mark with a 
microscope before and after each SAXS recording. Strains a, 
at various angles w with respect to the stretching direction were 
also measured by the same technique. The intensity profile along 
the equator in some of the SAXS patterns were recorded from 
the photographic films with a Joyce-Loebl microdensitometer. 

Results and Discussion 
1. SBS-H Specimens with Cylindrical Polystyrene 

Microdomains. SAXS patterns recorded for different 
longitudinal strains, ax, ranging from 1 to 4.45 are pres- 
ented on Figure 1. For each strain, three patterns are 
shown with increasing exposure time from the left to the 
right. Their whole scattering consists of three diffraction 
orders that are gathered in schematic diagrams depicted 
on the last column of Figure 1. As shown in a previous 
paper devoted to the structure characterization of the 
SBS-H specimens,l' the first and second diffraction orders 
for the unstretched material correspond to lattice reflec- 
tions issued from the (10) and (11) planes in ordered grains 
consisting of hexagonally packed parallel cylinders. Ini- 
tially, these grains are randomly oriented as indicated by 
the circular patterns observed for ax = 1. Their unit-cell 
dimension is a = 32.7 nm and the radius of the polystyrene 
cylinders is R = 8.6 nm." The third diffraction order is 
due to particle scattering modulated by ill-defined re- 
flections issued from the hexagonal lattice. Indeed, as 
shown in Figure 2, this scattering maximum coincides 
perfectly with the second maximum of the single particle 
scattering envelope predicted for an infinite solid cylinder 
of radius R = 8.6 nm, according to the following relation:I3 

Io: F(hR)  = ( ~ J , ( ~ R ) / I Z R ) ~  (1) 

where F(hR) is the so-called particle factor, J1 is the Bessel 
function of the first order, and h = (4a/X) sin 6. The 
scattering angle is 28 and X = 0.154 nm. 

It may be seen in Figure 1 that, with increasing longi- 
tudinal strain, ax, the initially circular (10) and (11) lattice 
reflections become elliptic with quadrant maxima that 
gradually transform into four-point diagrams. At first 
glance, this suggests an elongation of the grains along the 
stretching direction with a concomitant orientation of the 
cylinders in preferential directions inclined with an axial 
symmetry with respect to the stretching direction. How- 
ever, another phenomenon contributes to the buildup of 
the four-point diagrams. Indeed, as the lattice reflections 
become elliptic, their prolate ends fall into the angular 
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Figure 1. SAXS patterns recorded for different longitudinal 
strains, a,, applied to the SBS-H specimens with cylindrical 
morphology. The stretching direction is vertical. 
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Figure 2. Intensity profile recorded along the equator in the 
region of the particle scattering ring observed for the SBS-H 
specimens with cylindrical, morphology (curve a) compared to the 
theoretical scattering envelope computed according to eq 1 for 
an infinite solid cylinder of radius R = 8.6 nm (curve b). 

region where the particle factor F(hR) exhibits a first ex- 
tinction in its damped periodic profile (see Figure 2). Since 
the intensity of the lattice reflections is modulated by the 
quantity F(hR),13 their integrity is not preserved over the 
angular range where F(hR) becomes infinitely small. This 
effect can be clearly identified in the patterns recorded at  
a, = 1.20 in Figure 1 in which the larger (111 reflection is 
severely truncated at its prolate ends along the equator, 
though the smaller {lo] reflection is only slightly attenuated 
in this region. Note that such a casual effect related to 
the particle factor has been previously identified by 
Hadziioannou et  al.9 on SAXS patterns recorded for a 
stretched SIS specimen perfectly oriented under the form 
of a hexagonal single crystal, the stretching direction being 
perpendicular to the cylinder direction. Because of this 
effect, it is not possible to perform a quantitative analysis 
of the lattice deformation of the grains in the present 
cylindrical specimens similar to that we reported for the 

Figure 3. Schematic illustration of the fiberlike structure that 
would account for the four-point patterns observed in Figure 1 
for strain values greater than 2.3. This structure involves elongated 
grains having their cylinders slightly inclined at an angle x with 
an axial symmetry with respect to the stretching direction. 

SBS-H lamellar specimens.12 
Nevertheless, as shown on the schematic diagrams in 

Figure 1, quantitative information concerning the cylinder 
orientation can be obtained from the third diffraction order 
assigned to the second maximum of the particle scattering 
envelope. First, it may be seen that a gradual extinction 
of these scattering occurs on the meridian with increasing 
longitutinal strain in the range from 1 to 1.40. Note that 
a similar extinction is also observed for the first and second 
diffraction orders issued from the lattice. This indicates 
that the grains with their cylinders perpendicular to the 
stretching direction are the first to undergo rotation or 
disruption in the material. Second, it may be seen that 
upon further elongation a quadrant diagram develops for 
the third-order diffraction, though the intensity of the 
latter does not fade out completely on the equator. This 
quadrant diagram makes it possible to estimate the average 
orientation angle x of the cylinders with respect to the 
stretching direction. As shown on the schematic diagrams, 
x decreases from 26' to 13' with increasing strain in the 
range from 1.80 to 4.45. 

The progressive transformation of the two initially cir- 
cular {lo) and {ll) lattice reflections into the form of two 
distinct four-point diagrams which remain resolved up to 
a strain value close to 2.3 is a clear indication that the 
polystyrene cylinders keep their two-dimensional organi- 
zation up to an advanced stage of the macroscopic de- 
formation. For strains above this latter value, the two 
reflections merge into a single four-point diagram with 
elongated lobes nearly perpendicular to the stretching 
direction. This latter pattern suggests a fiberlike structure 
similar to that pictured in Figure 3, in which the grains 
are elongated along the stretching direction with their 
parallel cylinders still slightly inclined (x = 13') with re- 
spect to this direction. At  this stage of the deformation, 
the structure of the present material is very similar to that 
previously inferred for the lamellar SBS-H material at  the 
highest local strain (a, = 2.3) measured in its neck region.12 
Also, like the lamellar material, the present material could 
recover its initial isotropic structure when relaxed for a few 
minutes after a stretching cycle to a, = 4. This has been 
evidenced by the recovery for the retracted specimens of 
circular patterns identical with those measured prior to 
their stretching. Nevertheless, while the circular patterns 
of the lamellar material exhibited extinction on the me- 
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ridian indicating an irreversible disruption of its grains 
having their lamellae perpendicular to the stretching di- 
rection, those of the present material exhibited uniform 
intensity for any asimuth including the meridian. This 
suggests that the disruption of the rigid microphase a t  the 
origin of the stress softening effect observed upon the first 
stretching of the cylindrical materialll is selectively located 
within the ill-organized regions at  the grain boundaries 
where the rigid microphase does not participate to mi- 
crocomposite entities having well-defined cooperative re- 
sponses such as change in orientation and shear when 
submitted to external forces. 

In the case of the SBS-H lamellar speciWens,l2 a rotation 
of the grains occurred from the very beginning of the neck 
deformation and was about completed for a local strain 
cy, close to 1.2. At this stage, the lamellae were oriented 
at  an angle x close to 22" with respect to the stretching 
direction. Upon further local elongation in the neck region, 
a gradual shear of the rigid lamellae contributed to orient 
the grains parallel to the stretching direction without a 
significant change of the lamella orientation (x = 17" for 
cy, = 2.30).12 This behavior can be rationalized by con- 
sidering that the lamellar grains are more liable to deform 
by simple shear than by simple elongation because the 
latter deformation is hindered by the higher energy re- 
quired for the concomitant lateral contraction of the 
rubbery lamellae. Indeed, such a contraction would involve 
larger stresses applied to the individual rubbery chains 
anchored to the rigid lamellae than those resulting from 
the shear process. Obviously, the grains with their lamellae 
perpendicular to the stretching direction were not able to 
deform by simple shear. They were rather submitted to 
a simple elongation which early gave rise to an irreversible 
disruption promoted by the latteral contraction of the 
rubbery lamellae. The situation is not the same for the 
present SBS-H specimens because a great part of the stress 
due to the lateral contraction of the rubbery microphase 
can be relaxed through an appropriate lateral displacement 
of the hard cylinders. Therefore, contrary to the sheared 
lamellar grains which retained their lamellar packing all 
along the neck deformation up to cy, values as great as 2.3, 
a significant distorsion of the hexagonal packing occurs 
from the beginning of the deformation of the present 
material as evidenced by a significant departure of the 
dlo/dll spacing ratio from the value 3lI2 expected for such 
a packing.ll Indeed, when directly measured on the qua- 
drant maxima in Figure l, the dlo/dll ratio decreases from 
1.69 to 1.49 with increasing cy, from 1 to 1.80. 

A last remark concerns the quadrant maxima observed 
for the third diffraction order in Figure 1, that is, the 
diffraction order associated with the second maximum of 
the particle scattering factor F(hR). As pointed out pre- 
viously, the intensity of this scattering does not vanish 
completely on the equator. As will be shown shortly, this 
particularity can be predicted theoretically for the' scat- 
tering by a large number of infinite solid cylinders uni- 
formly distributed at  a given inclination with respect to 
the stretching direction and thus does not necessarily mean 
that some of the cylinders are oriented parallel to the 
stretching direction. Figure 4 depicts the direct and the 
reciprocal images of a cylinder oriented at  an angle x with 
respect to the x-axis previously defined as the stretching 
direction. The direction of the incident beam is along the 
z-axis. The polar angles cp and p define the projection of 
the cylinder on the yz and the xy planes, respectively. 
From the geometry of the direct image it may be seen that 
the relation between the angular variables is 

tan p = tan x sin cp (2) 
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Figure 4. Direct and reciprocal images of a solid cylinder oriented 
at an angle x with respect to the stretching direction (x-axis). The 
diffraction pattern is shown by the thick line at the intersection 
of the reciprocal image and the diffraction plane. See the text 
for the other details. 

In Figure 4, the first and the second orders of the re- 
ciprocal image are respectively represented by a flat disk 
and a concentric ring whose common normal N is parallel 
to the cylinder axis. The scattering pattern is shown by 
the thick line at  the intersection of the reciprocal image 
and the diffraction plane. Its radial intensity varies ac- 
cording to eq 1 and its orientation with respect to the 
equator (y-axis) is defined by the polar angle p. According 
to eq 2, it may be shown that for a given inclination x of 
the cylinder, the rotation of the latter about the x-axis 
produces a periodic change in the orientation of the linear 
pattern in which p oscillates from the value -x to the value 
+x. However, in the case of a large number of cylinders 
having the same inclination x and being uniformly dis- 
tributed over all orientations in the range 0 d cp < 27r, the 
scattering intensity at  28 is not uniformly distributed over 
the range 7 d p d +x. Indeed, the fraction, f(p,x), of the 
cylinders giving rise to scattering along the azimuth p is 
given by the relation 

f(p,x) = A/[[1 - (tan p/tan x)2]1/2 tan x cos2 p] (3) 
in which A is a normalization constant. Equation 3 can 
be derived from the cumulative distribution of cp 

Hcp) = (P/271' (4) 
by the differentiation of the latter with respect to p after 
an appropriate change of variables according to eq 2. 

Figure 5 shows a plot of f(p,x) as a function of p for the 
value x = 26". From this plot it may be inferred that, 
though the scattering intensity should exhibit a sharp 
maximum at  p = x, it should not vanish at  p = 0, on the 
equator of the diffraction plane. Obviously, any fluctuation 
of the cylinder inlination with respect to the preferential 
inclination x shall contribute to flatten the scattering peak 
a t  p = x. Thus, the features of the quadrant scattering 
observed in Figure 1 are qualitatively in agreement with 
the present model. 

Figure 6 shows the variation of the macroscopic strain, 
cyu, measured in the plane of the film specimens for dif- 
ferent orientations in the range 0" d w d 90" with respect 
to the stretching direction. Data points are plotted for four 
values of the longitudinal strain (a, = 1.20, 1.40, 1.80, and 
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Figure 5. Distribution profile, f ( p , x ) ,  for randomly oriented 
cylinders inclined at an angle x with respect to the stretching 
direction that have the correct orientation for giving rise to 
scattering along the azimuth p on the diffraction plane. Plotted 
as a function of p according to eq 3 for the particular case x = 
26'. 
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Figure 6. Macroscopic strains, cy;, measured in the plane of the 
SBS-H film specimens with cylindrical morphology for various 
angles w with respect to the stretching direction. Data points 
plotted as a function of w for different values of the longitudinal 
strain, cy,, together with the corresponding theoretical curves 
computed according to eq 5 for the strain ellipsoid model. 

2.25). Also shown in Figure 6 are corresponding theoretical 
curves calculated according to the following relation de- 
rived from the well-known strain ellipsoid model for a 
constant-volume uniaxial tensile deformation:12 

( 5 )  

It may be seen that the fit provided by eq 5 is excellent 
for the four values of a,, indicating that the macroscopic 
deformation is both isotropic with respect to the stretching 
direction and isochoric. 

From the same model, it is also possible to derive a law 
of affinity for the microscopic deformation. In order to 
apply such a law in terms of the diffraction data observed 
for various values of the longitudinal strain, a,, one must 
first derive the change in the spacing d between two con- 
secutive diffracting planes produced by a local deformation 
affine with respect to the macroscopic deformation. Owing 
to the symmetry of revolution of the overall transformation 

a, = [aX2/(a,3 sin2 w + cos2 w ) ] ' / ~  

I \ 

Figure 7. Two-dimensional analysis for the change in the spacing 
d between two consecutive diffracting planes in grains undergoing 
an affine deformation with respect to the strain ellipsoid model. 
Upon stretching along the x-axis, the normal to the planes rotates 
from an angle wo to an angle w and the spacing between planes 
changes from do to d. The variation of d /do  as a function of both 
w and cy, is given by eq 6. 

with respect to the stretching direction, the problem can 
be reduced to the two-dimensional analysis pictured in 
Figure 7. Upon stretching, the normal to the planes ro- 
tates from an angle wo to an angle w with respect to the 
x-axis and the spacing changes from do to d. The rotation 
is caused by the difference between the strain along the 
x-axis, a,, and that along the y-axis, ay = l/(~,'/~, as im- 
posed by the strain ellipsoid model. Geometric analysis 
yields the following relation for the variation of d / d o  as 
a function of both a, and w 

d / d o  = [ax2 cos2 w + (l/a,) sin2 w ] ' l 2  (6) 
Note that the ratio d/d,  corresponds to the Bragg 

spacing strain for any family of planes having their normal 
oriented at  an angle w with respect to the stretching di- 
rection. Figure 8 shows the variation of this ratio as a 
function of w for the first-order Bragg spacings measured 
at various orientations in the range Oo 6 w < 90° on the 
SAXS patterns recorded for the same values of the ma- 
croscopic strain, a,, as in the preceding analysis. Also 
shown in Figure 8 are the corresponding theoretical curves 
computed according to eq 6. It  may be seen that these 
curves provide an excellent fit to the data points measured 
at  a, = 1.20 and good fits to the data points measured in 
the range 1.40 < a, < 2.25. Note that the latter data points 
are restricted to a decreasing range of w with increasing 
a, because of the quadrant nature of the patterns for strain 
values above 1.2. 

2. SBS-H Specimens with Spherical Polystyrene 
Microdomains. Structure and properties of SIS and SBS 
block polymers with spherical morphology are well docu- 
mented in the literature.' Nevertheless, the characteri- 
zation by SAXS of the periodic arrangement of their 
spheres in terms of any one of the three classical cubic 
lattices or the close-packed hexagonal lattice has often been 
pr~blematic. '~-'~ As for the lamellar or the cylindrical 
systems, the approach used for identifying the actual 
structure by means of SAXS powder patterns is to com- 
pare the Bragg spacing ratios d l / d ,  (n = 1, 2, 3, ..., p )  of 
the p observed reflections with the corresponding theo- 
retical ratios computed from the appropriate classical 
f~rmulas. '~ The discriminating power of this approach can 
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Figure 8. First-order Bragg spacing strains, d/do, measured on 
the SAXS patterns of the SBS-H specimens with cylindrical 
morphology for various angles w with respect to the meridian 
(stretching direction). Data points plotted as a function of o for 
the same values of the macroscopic strain, ax, as in Figure 6, 
together with the corresponding theoretical curves computed 
according to eq 6 for an affine deformation. 

be visualized by considering the following series of d l / d ,  
ratios characterizing the first six reflections expected for 
the four lattices mentioned above: 1.00, 1.41, 1.73, 2.00, 
2.24, 2.45, for simple cubic or body-centered cubic; 1.00, 
1.15,1.63,1.91,2.00,2.31, for face-centered cubic; 1.00,1.06, 
1.13, 1.46, 1.73, 1.88, for close-packed hexagonal. 

For block polymers with spherical morphology, unam- 
biguous fitting of the diffraction data by one of these 
characteristic ratio series has been possible in a few cases 

among which are recent studies performed by 
small-angle neutron scattering (SANS) on SB and SI 
two-block polymers.n*23 From these studies, it appears that 
either of the two characteristic ratio series expected for 
the various cubic lattices could be observed depending 
upon the nature of the block polymer, its composition, and 
the specimen preparation. In most of the other reported 
studies, packing assignments were made difficult because 
of systematic extinctions apparently due to casual effects 
associated with the particle factor. Also observed in some 
cases were important departures between the experimental 
and theoretical values of some of the characteristic ratios. 
For instance, in the case of solvent-cast SBS polymers, the 
literature reports a study in which the observed d l / d ,  
ratios of 1.00,1.47, and 2.35 were assigned to a simple cubic 
lattice14 and another study in which the observed ratios 
of 1.00, 1.63, and 2.62 were tentatively assigned to a 
face-centered cubic 1at t i~e. l~ 

There is no reason why structured grains consisting of 
a large number of spheres should not be present in these 
latter materials as in the lamellar and cylindrical materials. 
Moreover, there are good reasons for expecting a close- 
packed arrangement for the spheres, at  least for materials 
prepared by solvent casting under equilibrium conditions. 
Indeed, by assuming that the morphology of a solvent-cast 
ABA block polymer is governed by the micellar arrange- 
ment of the swollen system just before its solidification, 
and that this geometry depends upon the relative volumes 
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Figure 9. SAXS patterns recorded for different longitudinal 
strains, ax, applied to the SBS-H specimens with spherical 
morphology. The stretching direction is vertical. 

of the swollen A and B phases, it is easy to visualize that 
the microdomains forming the dispersed phase are enve- 
loped by a more or less uniform shell of the incompatible 
blocks anchored to them. This shell produces a repulsive 
force between the nearest-neighbor microdomains that 
should keep them at  an equal distance from each other. 
This statement previously formulated by Hoffmann et al.24 
has been reinforced by Meier25 who showed that the 
probability for a B chain to be anchored to microdomains 
A being next-nearest neighbors for each other is negligible. 
Note that among the cubic lattices mentioned above, the 
face-centered lattice is also a close-packed arrangement. 
With respect to the nearest-neighbor sphere interactions, 
the latter is stricly equivalent to the close-packed hexag- 
onal lattice. Surprisingly, the literature data concerning 
SAXS studies as well as more recent SANS s t ~ d i e s ~ ~ j ~ ~  
made on solvent-cast block polymers do not confirm the 
generality of a close-packing arrangement for the spherical 
system. This, together with the difficulty for observing 
unambiguous lattice reflections, has led many authors to 
the conclusion that the spherical system is generally less 
ordered than the lamellar and the cylindrical systems. 

In the case of the present SBS-H material with spherical 
morphology, a first evidence for the presence of structured 
grains may be observed directly on the low-exposure SAXS 
pattern of the unstretched specimen (upper left pattern 
in Figure 9) that exhibits distinctive diffraction spots 
unevenly distributed all over its single diffraction ring. 
Furthermore, the radial position of some of these spots 
appears to be eccentric with respect to the middle part of 
the ring, suggesting the coexistence of two kinds of grains 
in the present material. 

As depicted on the schematic diagrams at  the right of 
the patterns in Figure 9, the whole scattering recorded for 
different longitudinal strains in the range 1 6 CY, d 3.45 
consists of lattice reflections surrounded by a larger ring 
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issued from particle scattering. For the stretched speci- 
mens, the latter remains circular but appears to be slightly 
modulated by elliptical intereferences. On the other hand, 
as for the SBS-H cylindrical material, upon stretching, the 
initially circular single lattice reflection becomes elliptical 
and its prolate ends are progressively truncated on the 
equator when they fall into the scattering angle region 
where the particle scattering envelope exhibits its first 
extinction. Inversely, because of the decrease in the re- 
ciprocal Bragg spacings along the stretching direction, a 
second lattice reflection appears in the meredian region 
for a, > 1.4, then a third one for a, < 1.8, followed by a 
fourth one for a, < 2.3. These latter reflections are en- 
hanced with increasing strain because they are progres- 
sively displaced toward the origin into the scattering angle 
region where the particle scattering envelope exhibits its 
first maximum. 

Figure 10 shows a microdensitometric curves recorded 
along the equator in the region of the particle scattering 
ring observed for the unstretched specimen. This curve 
exhibits a second scattering peak that was too weak to be 
reproduced on the photographs of Figure 9. Also shown 
in Figure 10 is a theoretical scattering curve computed 
from the particle factor for a single solid sphere of radius 
R according to the relationz6 

I - F(hR) = [3(sin hR - hR cos h R ) / ( l ~ R ) ~ l ~  (7) 

As it  may be seen, an excellent fit of the two scattering 
peaks can be obtained by adjusting the value of R to 9.7 
nm in eq 7. This fitting may be considered as a charac- 
terization of the radius of the polystyrene spheres in the 
present SBS-H material. 

The Bragg spacings corresponding to the first-order in- 
dexed reflection for each of the lattices mentioned before 
are given as a function of the radius R and the volume 
fraction & of the spheres one can derive from the geo- 
metrical properties of these lattices by the following re- 
lations: 

simple cubic: dloo = ( 4 ~ / 3 4 , ) l / ~ R  (8) 

body-centered cubic: dllo = 21/2(~/3c##/3R (9) 

face-centered cubic: dlll = (2/31/2)(2~/3$,)1/3R 
(10) 

close-packed hexagonal: dl, = (3/ 2)'/Yx/ &) 1/3R 
(11) 

By using the quantity R = 9.7 nm obtained from the 
preceding analysis of the particle scattering envelope and 
the volume fraction & = 0.25 previously characterized for 
the present SBS-H sample,ll one can compute the follow- 
ing values for the Bragg spacing and the scattering angle 
20 of the first-order lattice reflection predicted for each 
of the four lattices: simple cubic, dloo = 24.8 nm, 20 = 6.2 
mrad; body-centered cubic, dllo = 22.1 nm, 20 = 7.0 mrad; 
face-centered cubic, dlll = 22.8 nm, 20 = 6.8 mrad; close- 
packed hexagonal, d,, = 24.1 nm, 26 = 6.4 mrad. 

The actual values of the scattering angle 20 observed for 
the first-order diffraction ring in Figure 9 is close to 6.6 
mrad. That for the eccentric spots on the latter is close 
to  6.9 mrad. Though there is a good agreement between 
these values and the rather narrow range of 26 expected 
for the four plausible lattices, the present comparison 
based on the values of R and & is not accurate enough for 
an assignment among the latter. 

The next step is to consider the Bragg spacing ratios 
dl/d, of the various lattice reflections appearing on the 
patterns recorded for the stretched specimens. These 
ratios were evaluated for the Bragg spacings measured on 
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Figure 10. Intensity profile recorded along the equator in the 
region of the particle scattering ring observed for the SBS-H 
specimens with spherical morphology (curve a) compared to the 
theoretical scattering envelope computed according to eq 7 for 
a solid sphere of radiua R = 9.7 nm (curve b). The experimental 
curve shows a second scattering peak not reproduced in the 
photographic patterns of Figure 9. 

Table I 
First-Order Bragg Spacings, d ,, and Bragg Spacing Ratios 

d, /d , ,  of the First-Order to the Higher Order Lattice 
Reflections Measured on the Meridian for Various 

Longitudinal Strains, uz, Applied to the SBS-H Specimens 
with SDherical Moroholom 

1 23.3 
1.20 29.2 
1.40 33.3 1.62 
1.80 42.8 1.64 
2.30 52.4 1.67 2.30 
3.45 80 1.73 2.6 3.3 

the meridian for each of the observed reflections. As shown 
in Table I, the value of dl/dz slightly increases from 1.62 
to 1.73 with increasing strain from 1.40 to 3.45. Similarly, 
the value of dl/d3 increases from 2.30 to 2.6 with increasing 
strain from 2.30 to 3.45. Finally, the single value of dl/d4 
measured for ax = 3.45 is close to 3.3. The data for d,/d2 
and dl/d3 can be linearly extrapolated to the values 1.60 
and 1.96, respectively, at a, = 1. Among the four dl/d, 
ratio series previously quoted, that for a face-centered 
cubic lattice (1.00, 1.15, 1.63, 1.91, 2.00, 2.31) would give 
the best fit to the present data. Indeed, if one considers 
that the second member of this series is rather close to 
unity, it may be assumed that the first two orders were not 
resolved on the present SAXS patterns. Because of that, 
the apparent dl/d2 ratio extrapolated to 1.60 would cor- 
respond to the real ratio dl/d3 underestimated by about 
2% with respect to ib expected value of 1.63. On the other 
hand, the apparent dl/d3 ratio extrapolated to 1.96 would 
roughly correspond to the real ratio dl/d4 overestimated 
by about 3% with respect to its expected value of 1.91. 
Note that the latter extrapolation was made with only two 
data points that were rather distant from the origin. The 
increase of both the apparent ratios dJd2 and d,/d3 with 
increasing strain as well as the large magnitude of the 
apparent dl/d4 ratio measured for ax = 3.45 indicate that, 
as for the cylindrical material, an important distorsion of 
the lattice occurs from the very beginning of the macro- 
scopic deformation. 

Finally, concerning the eccentric diffraction spots ob- 
served on the first-order ring, the fact that their scattering 
angle 26 is slightly greater than that of the main reflection 
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Figure 11. First-order Bragg spacing strains, d/do,  measured on 
the SAXS patterns of the SBS-H specimens with spherical 
morphology for various angles w with respect to  the meridian 
(stretching direction). Data points plotted as a function of w for 
different values of the macroscopic strain, a,, together with the 
corresponding theoretical curves computed according to eq 6 for 
an affine deformation. 

assigned to a face-centered-cubic lattice suggests that they 
are issued from a body-centered-cubic lattice, the only one 
among the plausible lattices for which a greater scattering 
angle is expected on the basis of the preceding predictions. 

In spite of the apparent lattice distorsion occurring upon 
stretching, the Bragg spacings measured on the meridian 
for the first-order lattice reflection appears to be directly 
proportional to ax for all strain values including the 
maximum value of 3.45. This indicates that the change 
produced in the distance between the (1 11) diffraction 
planes of the proposed face-centered-cubic structure is 
affine for the grains having these planes perpendicular to 
the stretching direction. In fact, such an affine behavior 
is also observed for any other orientation of the grains in 
the material. Indeed, as shown in Figure 11 for different 
values of the macroscopic strain in the range 1.2 < a, S 
2.3, the variation of the first-order Bragg spacing strain, 
d/do ,  measured at  various angles w with respect to the 
stretching direction exhibits an excellent agreement with 
the theoretical curves predicted for an affine deformation 
according to eq 6 derived in the preceding section. This 
latter test for affinity is based upon the strain ellipsoid 
model which, as shown in Figure 12, also applies to the 
macroscopic deformation of the present material. 

The good fit observed in Figure 11 also confirms that 
the first diffraction order recorded for the present material 
is a genuine lattice reflection rather than a scattering peak 
associated with the periodicity of the nearest-neighbor 
distance between the spheres. Note that the latter in- 
terpretation has often been postulated in previous studies 
on block polymers with spherical m~rphology.'~~'~ If it were 
such, the ratios d l d ,  would rather conform to a, according 
to eq 5. The latter describes the relative change of the 
distance between two points in the material instead of the 
distance between two diffracting planes. By comparing 
the did, data points in Figure 11 with the cy, theoretical 
curves in Figure 12. it may be seen that, though these two 
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Figure 12. Macroscopic strains, a,, measured in the plane of the 
SBS-H film specimens with spherical morphology for various 
angles w with respect to the stretching direction. Data points 
plotted as a function of w for the same values of the longitudinal 
strain, a,, as in Figure 11, together with the corresponding the- 
oretical curves computed according to eq 5 for the strain ellipsoid 
model. 

quantities are (and should be) the same for the directions 
parallel (w = 0') and perpendicular (w = 90°) to the 
stretching direction, they differ markedly for any other 
direction in the range Oo < w < 90°. 

Conclusion 
In the present study, a general relation for testing af- 

finity of grain deformation in mesomorphic block polymers 
has been derived from the strain ellipsoid model. In this 
relation, the change in the distance between consecutive 
diffracting planes with their normal at  an angle w with 
respect to the stretching direction is given as a function 
of w and the longitudinal macroscopic strain, a,. By ap- 
plying this relation to the first-order SAXS lattice re- 
flections recorded for the present cylindrical and spherical 
SBS-H systems, it has been shown that the deformation 
of their diffracting grains was affine with respect to the 
macroscopic deformation. This affine behavior was ob- 
served up to a macroscopic strain of 2.3, for which the 
first-order lattice reflection was still measurable over an 
acceptable range of w. Also, by independent measurements 
it has been confirmed that the strain ellipsoid model 
provided an excellent fit to the macroscopic deformation 
of both these materials. 

In a previous study,12 such an affine behavior was also 
observed for the lamellar SBS-H system. However, in that 
latter case, the present test for affinity would have been 
considerably less accurate because the lattice reflections 
were limited to a narrow range of w for which, unfortu- 
nately, the microscopic strain d / d o  for the distance be- 
tween the diffracting planes remained close to unity. In- 
deed, in the early stage of the deformation of the lamellar 
material, namely, for a macroscopic strain as low as 1.4, 
the lamellae were about completely oriented at  an angle 
x = 22O with respect to the stretching direction as evi- 
denced by four-point diagrams on the SAXS patterns. 
This restricted the investigation for affinity to a single 
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angle w = 90" - x that slightly increased from 68" to 73" 
with increasing strain up to 2.3. Inspection of the theo- 
retical curves in either Figure 8 or Figure 11 shows that 
the microscopic strain d/do expected for an affine behavior 
in this particular range of w lies in the range 0.964.92. In 
fact, these latter values of d f do coincide perfectly with the 
experimental data reported in the previous study.'* Be- 
cause of that feature, a different and more accurate test 
for affinity was derived in terms of three variables in- 
cluding the long-axis direction of the grains in addition to 
the lamella direction and their spacing strain d/do.  The 
long-axis direction of the grains could be measured directly 
on the SAXS patterns as the orientation of the lobes with 
respect to the equator in the four-point diagrams.12 Ob- 
viously, this approach cannot be used for the present 
systems. 

In the case of the lamellar system, both the microscopic 
and the macroscopic deformations were investigated in the 
neck region where the most important part of the strain 
occurred upon the first elongation of the specimens.'? For 
the present systems, no necking was observed upon their 
first elongation." On the contrary, the spherical system 
exhibited a nearly reversible extension cycle up to a strain 
value as large as 4, while in the same range of strain, the 
cylindrical system exhibited stress softening but no per- 
manent set when retracted. For the three systems, the 
conformity of their macroscopic strain in any direction in 
the plane of the film specimens with that predicted by the 
strain ellipsoid model indicates a Poisson ratio value close 
to 0.5 which in turn suggests that the overall deformation 
mainly resulted from the rubbery microphase with at best 
a minute amount of ductile deformation of the glassy 
microdomains. A ductile deformation of the polystyrene 
microphase occurred for the lamellar and the cylindrical 
systems only. It was evidenced by neck formation for the 
former system and by stress softening for the latter system. 

The three SBS-H systems could recover their initial 
SAXS powder patterns when relaxed for a few minutes at 
room temperature after an extension cycle up to a strain 
value of 4. However, on the patterns of the relaxed 
specimens, the meridian diffraction was faded out for the 
lamellar system,12 albeit it was not even attenuated for the 
other two systems. This difference results from the im- 
possibility for the lamellar grains to extensively deform 
by simple elongation without a concomitant distorsion of 
the glassy lamellae resulting from the contraction of the 
rubbery lamellae. Since the lamellar grains having their 
lamella surfaces perpendicular to the stretching direction 
cannot deform by either shear or rotation, they undergo 
local stresses large enough for causing an irreversible 
disruption of their glassy lamellae. In the case of the 
cylindrical and spherical systems, the local stresses re- 
sulting from the contraction of the rubbery matrix can be 
relaxed through appropriate displacements of the cylinders 
or spheres. This produces a distorsion of the grain lattices 
but without a significant distorsion or disruption of the 
glassy microdomains. On the other hand, it is likely that 
the disruption processes accounting for the greatest part 
of the yield observed for the lamellar system, and also for 
the stress softening observed for the cylindrical system, 
occur at the grain boundaries. Unfortunately, SAXS study 
cannot provide any direct information concerning the 
nature of these latter disruption processes. 

Finally, it has been shown in the present study that 
SAXS measurements made on stretched elastomeric block 
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polymers may contribute to a better characterization of 
their mesomorphic structure in the unstretched state. This 
has been the case for the present SBS-H spherical system 
for which only the fmt-order lattice reflection was observed 
on the SAXS patterns of the unstretched specimen. The 
observation of a single lattice reflection resulted from a 
casual effect associated with the volume fraction of the 
present spherical domains. Indeed, the radius of the 
polystyrene spheres was such that the scattering factor for 
a single sphere, F(hR), exhibited its first extinction in the 
scattering angle region where the next diffraction orders 
were expected to occur. However, owing to the change in 
the Bragg spacings produced by stretching the specimens, 
it has been possible to observe three additional lattice 
reflections in the meridian zone of the SAXS patterns with 
increasing macroscopic strain in the range from 1.4 to 3.5. 
This occurred because, upon stretching, the meridian 
lattice reflections were displaced toward the origin in the 
scattering angle region where the particle scattering factor 
exhibited its first maximum. The Bragg spacings of two 
of these additional reflections could be extrapolated to 
unitary strain making it possible to assign a predominant 
face-centered-cubic packing to the diffracting grains. 
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