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ABSTRACT Tilt grain boundaries in poly(styrene-b-butadiene) lamellar diblock copolymers were character- 
ized using transmission electron microscopy (TEM). Three distinct tilt grain boundary morphologies were 
observed the chevron, the omega boundary, and the T-junction. All three boundary types are found to have 
intermaterial dividing surfaces, separating the polystyrene and polybutadiene microphases, that approximate 
surfaces of constant mean curvature. The chevron and omega morphologies are observed for symmetric tilt 
boundaries, and a transition occurs from the chevron to the omega as tilt is increased at constant boundary 
width. A transition from either the chevron or the omega boundary to the T-junction occurs as the boundary 
becomesmore asymmetric. Analyses of bothof these transitions usinggeometricalarguments are in agreement 
with experimental observations. 

Introduction 
Diblock copolymer materials that form microphase- 

separated morphologies such as spheres, cylinders, the 
ordered bicontinuous double diamond (OBDD), and 
lamellae also form larger scale grain structures?,2 Block 
copolymer grain structure and grain boundary morphology 
have been found to have important effects on the 
mechanical and transport properties of these materials.3.' 
This is the final paper in a four-part series that focuses 
on grain boundary structures in poly(styrene-b-butadiene) 
diblock copolymers (SB). 

In the first paper,' which we will refer to as GB-I (grain 
boundaryI),thetwistand tiltdegreesoffreedomforgrain 
boundaries were defined and twist boundary morphology 
was characterized by transmission electron microscopy 
(TEM). Two twist boundary morphologies were ob- 
served the Scherksurface twist boundary and the helicoid 
section boundary. In the second2 and third5 papers of 
this series, which we will refer to as GB-I1 and GB-111, two 
different methods for calculating twist grain boundary 
energies for the Scherk (GB-11) and helicoid section (GB- 
111) boundaries were used (1) a self-consistent field 
approach and (2) integrating a continuum elasticity 
expression for the free energy density as a function of 
interfacial curvature over the complicated interfacial 
geometry. This fourth paper will concentrate on both the 
Characterization and modeling of tilt grain boundaries. 

The experimental details of sample preparation and 
characterization by transmission electron microscopy 
(TEM) for this tilt boundary study are the same as those 
described in GB-I for the twist boundary study. The block 
copolymers used are again the symmetric poly(styrene- 
b-butadiene) (SB) diblock copolymers with polystyrene/ 
polybutadiene campwitions of 20500/20500,42300/45400, 
and S1000/74700 glmol (designated SB 20/20,40/40, and 
80180). InTEMmicrographs thePBdomainsappeardark 
due to staining with Os04, while the PS domains appear 
light. 

Figure 1 illustrates the degrees of freedom necessary to 
characterize pure tilt grain boundaries. The tilt of the 
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Figure 1. Tilt grain boundary geometry. (a) Symmetric tilt 
boundary. The tilt angle 0 is measured between the perpen- 
diculars to the two sets of lamellar planes. (b) When the 
placement of the boundary plane is no longer symmetrical, the 
deviation from symmetry is quantified by the angle, 9, between 
the boundary plane and the plane of symmetry which bisects 0. 
(c) The pure T-geometry occurs when 0 = 90" and p = 4 5 O .  (d) 
By comparison to part a, it can be seen that only the component 
oftiltmeasuredin theplanethatissimultaneouslyperpendicular 
to both sets of lamellar planes on both sides of the boundary is 
observable. The tilt misorientation shown does not produce a 
grain boundary. 

boundary is quantified by the angle 8,  measured between 
the normals to the two sets of lamellae on either side of 
the boundary. The PB and PS domains are separated by 
an intermaterial dividing surface (IMDS). As in GB-I, 
the intermaterial dividing surfaces in the grain boundary 
regions and in other defect structures will be designated 
IMDSt to distinguish them from the interfacial surfaces 
in equilibrium microdomain morphologies, which are 
designated IMDS. Figure l a  shows the geometry of a 
symmetric tilt boundary. The boundary plane, shown as 
a bold line, is symmetrically located, bisecting the angle 
0. In Figure I b  the placement of the boundary plane is 
no longer symmetrical; the deviation from symmetry is 
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quantified by the angle (p. When 0 = 90' and (p = 45", the 
special case illustrated in Figure IC occurs, which we will 
call a pure T-geometry. Here the two sets of lamellae are 
perpendicular at the grain boundary plane. In general, 
the degrees of tilt freedom, 9 and (p, each occur in two 
orthogonal planes, yielding a total of four degrees of 
geometrical freedom. (An additional degree of freedom 
we do not consider is relative translation of lamellae parallel 
to the boundary.) However, Figure Id indicates that only 
the components of tilt and asymmetry measured in the 
plane that is simultaneously perpendicular to  both sets of 
lamellar planes on both sides of the boundary are 
observable in lamellar tilt boundaries due to the two- 
dimensional nature of the domains. 

As with twist grain boundaries, it will be shown that in 
the case of the pure tilt boundary there are competing 
morphologies: thechevron, the omega, and theT-junction. 
A transition from the chevron morphology to the omega 
morphology is observed as the tilt angle, 9, increases at 
constant boundary width or alternatively as boundary 
width is decreased a t  constant tilt. This transition occurs 
through boundaries which have intermediate character 
between the chevron and omega. Both the chevron and 
the omega boundaries, which are symmetric ((p = 0% 
undergoatransitionto theT-junction when the boundaries 
become highly asymmetric ((p increases). It will be shown 
experimentally and through geometrical calculations that 
in tilt boundaries these different morphologies and the 
transitions between them result from the need to  satisfy 
geometrical constraints to which the boundaries must 
conform. 

GB-I1 contains a discussion of possible mechanisms of 
grain boundary formation in lamellar diblock copolymers. 
These include impingement of growing grains during a 
first-order phase transition, the distortions of the lamellar 
phasebydisclination line defects (i.e., focal conictextures), 
and the formation of kink bands due to compressive 
stresses that may be generated as the solvent is removed 
during the sample casting process. Kink bands are of 
special interest here because they generate only pure tilt 
boundaries (no twist component). Pairs of tilt boundaries 
of approximately equal but opposite tilt are formed in 
long parallel kink bands. This type of structure is evident 
in an upcoming figure (Figure 6) and in the boxed region' 
of GB-I1 Figure 2. 

Tilt Boundary Morphologies: Chevron, Omega, 
and T-Junction 

Figure 2 shows TEM micrographs of the three general 
types of tilt boundaries observed in lamellar diblock 
copolymers. A cheuron tilt boundary where the lamellae 
bend continuously across the grain boundary is shown in 
Figure 2a. A second type of continuous tilt boundary, 
shown in Figure 2b, is a variant of the chevron in which 
the lamellae in the grain boundary region go through a 
bend which approximates the shape of the capital Greek 
letter R. This omega type tilt boundary is observed a t  
highertiltangles. Finally,Figure 2cshows a discontinuous 
tilt boundary called the T-junctions, where the lamellar 
planes on one side of the boundary terminate. In this 
type of boundary the continuity of the lamellar planes 
across the grain boundary is disrupted. T-junction 
houndaries are only rarely observed. In the language of 
smectic liquid crystals the chevron and omega boundaries 
are tilt walls while the T-junction might be described as 
a dissociated tilt wa11.6J 

TEMimagesof tilt boundaries wereobserved to compile 
statistics on boundary geometries for the three different 
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Figure2 Tilt buundarymurph,il,Ui~.din.illCI) d0 iaiChevron 
tilt boundary: The lilmellw bend wntinumAy acruss the grain 
houndary. (h)  Omega ti l t  boundary, Inheled 12 in the  figure. (c) 
T-Junction tilt houndarv: On the right-hand Pide, I~beled'l', the 
houndary hasa pureT-geometry, and there isa hreak in lamellar 
continuityatthr boundary. Onthcleft-handside.laheled R.the 
boundary has the name tilt angle of appruximately 90°. hut it 
become3 symmetric and displays the omega morphology. 

molecular weights. The tilt angle and boundary width, 
W. were measured from TEM negatives and the morphol- 
ogy type was noted. Of 160 boundaries characterized in 
SB20,20,40 40,and80,80,only6 wereT-junctions. Figure 
3 shows schematic diagrams of the chevron, omega, and 
T-junction tilt boundary geometries. All three types of 
boundaries represent a local disturbance of the lamellar 
order which is concentrated into a region of width W. 
Figure 3a isaschematicdiagram ofachevron tilt boundary. 
Based upon images such as Figure 2a, it is reasonable to 
model these houndaries using constant mean curvature 
semicylinders, which areshown in cross section in the figure 
as semicircular arcs. The angle of such an arc (measured 
hetween the normals to the two sets of ~ a m e ~ ~ a e ) .  8, is 
given by the required boundarygeometry,while theradius, 
R, is related to the observed boundary width by the 
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Figure 3. Schematic diagrams of tilt boundary morphologies. 
(a) Chevron tilt boundary. The tilt angle, 8, the radius of 
curvature, R, and the boundary width, W, are indicated. The 
lamellar long period L increases to Llcos(812) at the center of the 
boundary region. The equilibrium flat layer thickness, h*, is 
one-quarter of the long period. The layer thickness increases 
from its equilibrium value in the boundary region. (b) Omega 
tilt boundary. One lamellar layer forms a semicylindrical cap at 
the center of the boundary while the other layer covers this 
protrusion in an R-shaped layer. (c) T-Junction tilt boundary. 
There is a lack of lamellar continuity across this boundary type. 
The PS lamellae on the left-hand side of the boundary end in 
semicylindrical caps. 

geometrical formula 

R = W/Z sin(B/Z) (1) 

The structure of the omega boundary, shown in Figure 3b, 
is more complex. There is a protruding bump of one of 
the two lamellar phases a t  the center of the chevron-like 
bend. The IMDSt that separates this protrusion from the 
next lamellar layer is approximately half of a cylinder. 
This inner protrusion is then covered by the next lamellar 
layer. This covering layer is distorted from the chevron 
typegeometryintoan Oshape bythe presenceoftheinner 
protrusion. It does notseem tomatter wbichmicrodomain, 
PS or PB, forms the inner protrusion and which forms the 
covering layer. Figure 4 showsanomega boundary in which 
the roles of the two microdomains switch along the 
boundary. On the left-hand side of the boundary, PS forms 
the inner protrusion and PB the outer covering layer, but 
these roles are reversed on the right-hand side of the same 
boundary. It is evident in the TEM micrographs and in 
the schematic illustration, Figure 3b, that the omega 

Figure 4. Omega tilt biiundary in Sli 80/80 in which the PS and 
PB domains switch roles of protrusion and omega layer. On the 
left-hand side of the boundary, PS forms the inner protrusion 
and PB the outer n layer. These roles are reversed on the right- 
hand side of the boundary. 

morphology leads to both sharp interfacial curvaturesand 
distortions of the lamellar layers from their equilibrium 
thickness. Nodoubt there areenergetic penalties for these 
distortions. However, it will be shown in the next section 
that geometric constraints imposed on the boundary by 
the tilt misorientation necessitate the formation of the 
omega morphology despite the fact that its energy is ob- 
viouslyhigherthan the energyof the chevron morphology. 

In Figure 5 the ratio of the experimentally observed 
boundarywidthtothelamellar longperiod, W/L,isplotted 
vs tilt angle for the two types of continuous tilt bound- 
aries: chevron and omega. Parts a-c of Figure 5 show 
plots for SB 20/20,40/40, and 80I80, respectively. In each 
graph the squares represent chevron boundaries, the circles 
represent omega boundaries, and the triangles represent 
boundaries that appear to be intermediate between the 
chevron and omega morphologies. Figure 6 shows such 
an intermediate boundary with a partially formed protru- 
sion. There are actually three parallel tilt boundaries in 
this micrograph which were probably formed by a me- 
chanical buckling process. The upper one of these three 
boundaries shows the strongest intermediate character. 

For all three molecular weights only chevrons are 
observed a t  lower tilt angles. At higher tilts, a transition 
is observed passing through the intermediate boundaries 
until omegas predominate at the highest tilt angles 
observed. The transition from chevrons to omegas for 
each molecular weight occurs over a range of tilt angles in 
which both morphologies are observed as well as bound- 
aries of intermediate character. For SB ZO/ZO, the 
transition range is 80-105°; for 40/40, the transition range 
is 70-85'; and for 80/80, the transition range is 65-80', 
The curve which, on all three plots, passes approximately 
through the transition region is a theoretical prediction of 
the transition from the chevron to the omega morphology 
which will be explained in the next section. 

For all three molecular weights, the WIL data are 
scattered over a range of about 1 long period. Thus, 
boundary widths appear to be approximately independent 
of tilt angle. Due to the relationship between R and W 
given by eq 1, a constant WIL implies an increasing R with 
decreasing tilt angle. The mean curvature of the chevron 
IMDSt (H = l/(ZR)) thus decreases with decreasing tilt, 
approaching zero as tilt approaches zero. The average 
boundary widths forthe three differentmolecularweights, 
taken over all the boundary types, are WIL = 1.41.0.84, 
and0.91 for SB 20/20,40/40,and80/80,respectively.Given 
the scatter of the data, the difference between the SB 
40/40 and 80/80 average WIL values is not considered 
significant. However, the SB 20/20 WIL average value is 
clearly higher than the other two. We currently have no 
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Figure 5. Symmetric tilt boundary width, WIL, vs tilt angle. 
The squares represent chevron boundaries, the circles represent 
omega boundaries. and the triangles represent boundaries of 
intermediate chevronlomega character. (a) SB 20120; (b) SB 
40140; (c) SB 80180. In all three graphs the line curve represent8 
the critical condition for chevron stability. 

explanation for these trends in average W/L for the 
different molecular weights. However, the greater W/L 
values in SB 20/20, regardless of how they come about, are 
responsible for pushing the transition from the chevron 
to the omega morphology to higher tilt angles, as will be 
explained in the next section. 

Chevron and  Q Tilt Boundary Geometry and  
Energy Considerations 

As discussed in GB-I1 a continuum elastic interface 
model leads to the following form of the free energy per 
unit area, f ,  of a diblock copolymer interface: 

f = jo + kp + hK ( 2 )  

This expression is for the particular case, relevant to our 

Figure 6. Boundaries in SB 80180 of intermediate character 
between the chevron and omega morphologies, labeled 1. The 
three parallel tilt boundaries in this figure were probably formed 
by a mechanical kinking process. The upper of the three 
boundaries shows the strongest intermediate character, although 
the middle boundary is also clearly intermediate. 

diblock copolymer lamellar systems, in which the natural 
or preferred curvature of the layers is zero (flat planes). 
Here, fo  is the free energy per unit area of the minimum 
energy flat diblock interface, while H and K are mean and 
Gaussian curvatures which characterize the deviation from 
the flat case. k is the splay modulus and A is the saddle- 
splay modulus. The determination of these two moduli 
by Wang and Safran8.9 is discussed in GB-11, where values 
are given for SB 20/20, 40/40, and 80/80. For the 
semicylindrical IMDSt's observed in the chevron tilt 
boundaries, K is equal to zero and H is a constant equal 
to 1/ (2R) .  

As discussed in GB-11, Wang and Safran's implementa- 
tion of the type of energy relationship shown in eq 2 is 
strictly applicable only to an isolated diblock layer. It 
assumes that the only important energy contributions are 
interfacial and chainstretching energiesand that the single 
diblock layer is subject to no external constraints other 
than the curvature that the layer is assumed to possess. 
The twist boundary morphologies discussed in GB-I1 and 
GB-I11 impose additional geometric constraints that alter 
the curvature-induced energies from those predicted by 
Wang and Safran. In these cases it was necessary to solve 
a more involved self-consistent field (SCF) problem to 
take these additional constraints into account. In the 
chevron tilt boundary morphology there is also an ad- 
ditional constraint due to the grain boundary geometry, 
whichwill beshowntohavean impactonIMDStcurvature. 

Throughconservation of volume the interfacialarea per 
chain, 2, is directly linked to the height, h, of the grafted 
layer. Parts a-c of Figure 7 show a piece of diblock 
interface as tilt increases and the morphology changes 
from a flat interface to a chevron boundary, to an 
intermediate boundary, and eventually to an omega 
boundary. The diblock chains tethered to this curved 
IMDSt can be assigned imaginary volume elements as 
shown in Figure 7. A polymer chain is drawn in the central 
element to illustrate this. The sides of these volume 
elements are all normal to the IMDSt at their points of 
contact, and the total volume of each element is equal to 
the volume of a chain. A volume element has area 2 a t  
the interface. The area of a two-dimensional slice through 
avolume element paralleltothesurfaceata heightzahove 
the surface is 2 ( z )  = (1 + z c A l  + Z C Z ) ~  = (1 + 2Hz + 
Kz*)2. The conservation of volume constraint for a single 
chain islo 
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Figure 7. Chain volume element geometry as a function of tilt 
angle. In all parts of this figure the central volume element has 
a polymer chain drawn in it. (a) When the IMDSt is flat, the 
volume elements are rectangular parallelpipeds. (b) For low to 
moderate curvature, the central volume element becomes a section 
of an annulus. The adjoining elements are similarly deformed. 
(c) At some critical combination of Wand tilt angle, the central 
volume element is the first element to reach a wedge-shaped 
geometry. This is the upper tilt angle limit of the chevron 
morphology for a given W. (d) On further increasing the tilt 
angle, above the chevron critical condition, volume elements 
adjacent to the central element also become wedge shaped, leading 
to the start of a protrusion. Such boundaries are termed of 
intermediate character. (e) At still higher tilt, enough volume 
elements are wedge shaped to complete a full semicylindrical 
protrusion. (0 For even higher tilt angles, above about llOo, the 
protrusion must elongate into an extra lamellar half-plane to 
fulfill the required lamellar spacing at the center to the tilt 
boundary. 

JohZ(z) dz = NAv (3) 

where N A  is the degree of polymerization of the block on 
the side of the interface under consideration and v is the 
volume per monomer. Thus the product NAv is the volume 
of the A block. This integral may be evaluated to yield 
a cubic equation relating h and 2: 

1 NAV -Kh3 + Hh2 + h -- = 0 3 z (4) 

For the cylindrically based chevron model K = 0, so the 
first term in eq 4 becomes zero. The minimal surface 
IMDSt's previously encountered with the twist boundary 
modeling in GB-I1 and GB-I11 had the property that the 
curvature environments on both sides of the I M D S  were 
equivalent. However, in the present case, the cylindrically 
shaped IMDSt creates different curvature environments 
experienced by chains on the concave and convex sides of 
the interface. Equation 4 must be solved separately for 
the concave side of the IMDSt to yield the brush height 
on this side, h,,, and for the convex side to yield h,,. The 
mean curvature,H, is assigned a positive value when viewed 
from the convex side of the interface and a negative value 
when viewed from the concave side. The coordinate z in 
eq 3, however, is always taken as a positive value of the 
distance from the I M D S  whether on the concave or convex 
side. In a diblock copolymer the two blocks, one on the 
concave side and one on the convex side, must share a 
common 2. 

- = ( 1 + 7 )  4HNa3 '1' - ( l - ~ )  4HNa3 ' I 2  ( 6 )  4Hh* 
cos(6/2) 

Figure 8 shows dimensionless plots of Z/Z*, where Z* is 
the flat interface area per junction, vs Hh* for tilts ranging 
from 10 to llOo, obtained by solution of eq 6. The 
important feature is that the area per junction on the 
interface in the chevron boundary decreases with increas- 
ing tilt. This is because, through eq 5,  it is apparent that 
increasing tilt requires an increase in the lamellar spacing 
in the grain boundaryregion. The central volume element 
in Figure 7 must therefore increase in height. Because 
volume is conserved, an increase in volume element height 
must lead to a decrease in 2. At a given tilt angle, Figure 
8 also shows that Z/Z* increases with increasing Hh*. This 
trend is due to the shape change in the volume element 
per chain illustrated in Figure 7. Equations 5 and 6 apply 
specifically to a volume element situated a t  the center of 
the chevron bend. In all parts of Figure 7, this central 
volume element contains a sketch of a polymer chain; 
neighboring elements are also shown but without chains. 
For the flat interface all the chain volume elements are 
rectangular boxes, as shown in Figure 7a. When the 
interface is curved into a cylindrical geometry, the shape 
of the volume element initially changes into a section of 
an annulus a t  small to moderate curvatures, as shown in 
Figure 7b. Finally, as curvature continues to increase, 
the central element is the first to reach a wedge-shaped 
geometry (Figure 7c). Because segmental density remains 
constant, the volume of the element must remain the same 
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Figure9. PlotsofH-, themaximummeancurvature forwhich 
the chevron morphology can occur, vs tilt angle. For higher 
curvatures the boundaries undergo the transition to the omega 
morphology. 

during this transformation. This necessitates an increase 
in the surface area with which the element contacts the 
interface. 

Notice in Figure 8 that the Z/Z* vs Hh* curves end at 
lower Hh* values as the tilt angle increases. The points 
at which these curves end represent the situation shown 
in Figure IC, where the central volume element becomes 
awedge shape. It is not possible to increase the interfacial 
curvature any farther than this while still maintaining the 
chevrongeometry. ThevalueofHfor which thissituation 
is reached decreases with increasing tilt and can be found 
from the limit of applicability of eq 6. The limit of physical 
applicability of eq 6 is reached when 1 = 4HNa3/Z. Thus 
the equation that yields the end points for the curves in 
Figure 8 is 

4Hh*/cos(8/2) = .\/z (7) 

The limit of applicability of eq 6, given by eq 7, represents 
a point at which the chevron model breaks down. Figure 
9 plots the highest curvature attainable in the chevron 
geometry, H,,, vs tilt angle. The smallest attainable 
radius of curvature for a given tilt angle is then given by 
R,i. = l/(ZH,=). Through eq 1, Rmjn is related to the 
minimum grain boundary width for which the chevron 
boundary can occur a t  a given tilt angle, W,:.. The 
previously mentioned curves in Figure 5a-c are plots of 
W,i,JL vs tilt angle. As the experimental data approach 
and then cross these curves, the nature of the observed tilt 
boundaries changes from chevron to intermediate and 
finallytoomega. ThereasonforthisisillustratedinFigure 
7c-e. As previously stated, Figure IC represents the limit 
of applicability of the chevron model. For a smaller W a t  
the same tilt or for a larger tilt angle at the same W, the 
situation illustrated in Figure I d  must develop in order 
to continue to achieve the required 2h*/cos(B/2) lamellar 
spacing at the center of the bend. Here some of the chain 
volume elements adjacent to the central element also 
become completely wedge shaped. This leads to a slight 
protrusion in the center of the chevron bend, thus giving 
a boundary of intermediate chevronlomega character. If 
W is decreased further or tilt is increased further, then as 
showninFigure7easufficientnumberofthechainvolume 
elements in the center of the boundary become wedge 
shaped to form a full semicylindrical protrusion. Parts a 
and b of Figure 10 show two tilt boundaries, one in SB 
20/20 (Figure loa) and one in SB 80/80 (Figure lOb),where 
W changes along the boundary. In both boundaries, W 
increases and a transition is observed from an omega to 
intermediate to chevron morphology. Also notice that 

. ..,, . . . 

1 

400 nm 
-- 

Figure 10. Symmetric tilt boundaries that undeqoacontinuous 
transition from the chevron (labeled C), through an intermediate 
(labeled I), to the omega morphology (labeled 0) due to a change 
in boundary width, W. (a) SB 20120: (b) SB 80i80. 

the boundary width WIL, measured in the long period of 
the appropriate diblock, is significant larger in the SB 
20/20 sample. 
Astiltanglecontinuestoincreaseahove the pointwhere 

the semicylindrical protrusion of the omega boundary is 
fully formed, the protrusion is no longer sufficient to fill 
the required spacing distance atthecenter ofthe boundary. 
In thiscase,shown inFigure If, the protrusioncancontinue 
to grow by developing into a short lamellar section with 
a semicylindrical cap. The simple semicylindrical protru- 
sion of Figure l e  is sufficient to achieve the required 
lamellar spacing in the grain boundary region up to tilt 
angles of about 110'. Boundaries with higher tilt angles 
than thisareonlyrarelyohserved. Figure 11 showsaTEM 
micrograph of one of these rare very high angle omega tilt 
boundaries in SB 80/80. In the lower portion of the 
boundary the tilt angle is 125O, and the elongated 
protrusionsas in Figure 7f are clearly visible. Notice that 
within this high-tilt region that the material which forms 
the protrusion changes from PS in the lower part to PB 
in theupper part. Higherupstill, thetilt boundarydivides 
into two lower angle tilt boundaries, 89 and 2 S 0 ,  labeled 
R and C1, respectively. The combination of these two 
lower angle boundaries achieves approximately the same 
tilt reorientation as the higher angle boundary below. High- 
angle tilt boundaries are commonly observed splitting into 
two lower angle boundaries like this (such a split is also 
seen in Figure 2h). The 89' tilt boundary has an omega 
morphology with a semicylindrical cap as in Figure 7e, 
while the 28' boundary is a chevron. 

The experimental data in Figure 5 show the transition 
from chevron to intermediate to omega tilt boundary types 
to be in very good agreement with the position of the 
W,i,JL curve, especially considering that the assumption 
of equal domain thicknesses and chain volumes used in 
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Wang and Safran, includes both an increase in chain 
conformational energy and an increase in interfacial area 
perchain. NoticeinFiguresZcand 11 thatthecylindrically 
capped ends of the PS lamellae are slightly enlarged. This 
enlargement is likely due to an energetic drive to reduce 
the unfavorable interfacial curvature by enlarging the 
radius of the semicylindrical cap. 

When the asymmetry angle, q, becomes large, as shown 
in Figure lb ,  the chevron morphology experiences a 
geometrical difficulty; the lamellaecannotmatchup acrcss 
the boundary. In the case illustrated in the figure, the 
left-hand set of lamellae approach the central plane of the 
boundary with a repeat distance of L, the true long period. 
However, on theright-handsideoftheboundary,theother 
set of lamellae impinges upon the central plane a t  an angle 
so that the repeat distance is L/cos(q + 8/2). In the 
T-junctions shown in Figures IC, 3c, and 11, where 8 = 90' 
and 'p 45', there is no way for the lamellae to match 
across the boundary since the repeat spacing on one side 
is infinite. In Figure 11, on the right-hand side of the 
boundary the geometry is pure T. However, proceeding 
to the left both the tilt angle and asymmetry of the 
boundary decrease due to a slight curvature in the 
boundary itself and also due to the presence of the 
nreviouslv discussed omeea tilt boundarv. On the left- 

Figure 11. TEM micrograph of SB 80180 displaying a number 
of tilt boundaries of various morphology. In the center of the 
micrograph, labeled E, is a 125' angle symmetric tilt boundary. 
At this very high tilt angle, the protrusion of the omega boundary 
becomes elongated into an extra lamellar half-plane. Toward 
the top of the micrograph, this omega boundary splits into two 
lower angle boundaries: an 8 9 O  omega boundary, labeled Q, and 
a 2 8 O  chevron boundary, labeled C1. Together these two lower 
angle boundaries achieve approximately the same tilt reorienta- 
tion as the higher angle tilt boundary below. In the lower right- 
hand corner of the micrograph is a T-junction boundary, labeled 
T, that displays the pure T geometry. Proceeding to the left 
along this boundary, the boundary becomes more symmetric and 
a transition occurs to the chevron morphology, labeled C2. In 
the region of the gradual transition hetween the T-junction and 
the chevron, labeled TIC, some lamellar planes terminate in 
T-junction fashion while others make the bend across the 
boundary like a chevron. 

thiscalculation are only approximations. We do not know 
why the SB 20/20 tilt boundaries had, on average, larger 
W / L  values. However, this causes the SB 20/20 data to 
cross the W,iJL curve a t  a higher tilt angle. We believe 
that is responsible for SB 20/20 displaying a significantly 
higher experimentally observed tilt angle range for the 
chevron to omega transition than either SB 40140 or 80/ 
80. 

T-Junction Boundaries 
The lower right-hand portion of the micrograph in Figure 

11 contains another tilt boundary, a T-junction. A 
schematic illustration of the T-junction morphology is 
shown in Figure 3c. These boundaries are only veryrarely 
observed and tend to occur when there is a combination 
of a high tilt angle, 8, and a high asymmetry angle, 'p. In 
this micrograph 8 = 90" and q = 8/2 = 45", which is the 
condition for a pure T-geometry. 

Arguing in terms of a free energy relationship such as 
that given by eq 2, it is clear that the energy per chain in 
the T-junction morphology must be higher than in the 
symmetric chevron boundaries b = 0) discussed in the 

hand side the boundary tlks becomes a lhevron. In the 
intermediate region between the pure T-geometry on the 
right and the chevron on the left, some of the lamellar 
planes make it around in a chevron-like bend and some 
end in cylindrical caps as in the T-junction. In this 
transition region, proceeding from the chevron to the 
T-junction, first the chevron and T-like planes alternate, 
then there are two T-planes between chevron planes, and 
finally there are only T-planes. Notice that the chevron- 
like lamellae in this transition region possess some omega 
character. This is to be expected for chevron boundaries 
of approximately 90" tilt. 

Finally, note that Figure 2c also shows a transition from 
an omega tilt boundary to the T-junction morphology. 
Throughout this boundary the tilt angle is the same, 
approximately 90". The left-hand part of the boundary 
where the omega morphology is observed is approximately 
symmetric. However, due to the curvature of the boundary 
itself, proceeding to  the right the boundary becomes more 
asymmetric. This again leads to a transition to the 
T-junction morphology in the right-hand portion which 
has the pure T geometry. 

Tilt Boundary Discussion and Summary 

The transition from the chevron to the omega boundary 
type occurs as tilt is increased at constant boundarywidth 
or as boundary width is decreased a t  constant tilt angle. 
The transition from either the chevron or the omega 
boundary to  the T-junction occurs as the boundary 
becomes more asymmetric, i.e., as 'p increases. The fact 
that these transitions occur progressively through inter- 
mediate type boundaries has been demonstrated by TEM 
micrographs in which the transitions are seen to occur 
across the boundaries as boundary width or 'p changes. 
These transitions are driven by the need to satisfy the 
geometrical constraints of the boundaries. In approxi- 
mately symmetric tilt boundaries, increasing 8 requires 
an ever lareer lamellar spacinp a t  the center of the 

previous section. The interfacial curvature in the chevron 
boundaries is always much less than that in the cylindrical 
caps that terminate the PS lamellae in the T-junction in 
Figures 2c, 3c, and 11. The energy penalty for the 
increasing mean curvature of the IMDSf, as modeled by 

boundary, the midpoint ofthe bend thatthe lamellae make 
across the boundary. This eventually leads to  the forma- 
tion of a perturbation which grows to become the semi- 
cylindrical protrusion observed in the omegamorphology. 
The continuous nature of the change in the geometrical 
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requirements of lamellar spacing with increasing tilt angle 
leads to the continuous morphological transition that is 
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