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Abstract

The alignment and shear-induced microstructural changes of closed-packed spheres
observed in a poly(styrene-b-lauryl acrylate-b-styrene) triblock copolymer were quantified with a
combination of in situ small-angle X-ray scattering (SAXS) and Fourier-transform (FT) rheology.
Disordered spheres produced through compression molding were transformed to close-packed
spheres through the application of nonlinear oscillatory shear. FT-rheology identified strain
amplitude regimes for small-, medium-, and large-amplitude oscillatory shear behaviors (SAOS,
MAOS, and LAOS, respectively), at fixed temperature and frequency. The presence of oscillatory
shear induced orientational changes in the hexagonally-closed packed (HCP) layers. Increasing
the strain amplitude produced faster ordering and higher degree of orientation, quantified through
fitting a stretched exponential function to in situ SAXS and FT-rheology data. In the MAOS
regime, shear thinning behavior was observed, with decrease in the storage modulus (G’) due to
the formation of HCP layers that exhibited less resistance to flow. The third order harmonic (/3/1)
increased with the square of the strain amplitude, hypothesized to originate from the presence of
sharp grain interphase boundaries (due to defects), and Chebyshev coefficients indicated intracycle
shear thickening and strain stiffening. In the LAOS regime, HCP layers adopted a parallel
orientation with a zig-zag path sliding mechanism, and both G’ and the loss modulus (G”)
decreased with increasing strain amplitude. Interestingly, at higher strain amplitude, shear
deordering was observed, for the first time in close-packed spheres under oscillatory shear, as
evidenced by characteristic signatures in both in situ SAXS and FT-rheology data. Structural

rearrangements were consistent with the domain dissolution and reformation mechanism.



Introduction

Block copolymers composed of incompatible components have been extensively studied
due to their ability to self-assemble into microphase-separated morphologies, enabling diverse
applications spanning membranes,! elastomers,? blend compatibilizers,’ and polymer modifiers,
among others. This spontaneous self-assembly often leads to the presence of polydomains lacking
long range order; however, many applications require highly oriented and aligned domains, such
as microelectronics,* > functional membranes,® and optical and photovoltaic devices.”” Numerous

methods have been developed to align block copolymer domains, such as the application of

10-12 13,14, 15, 16 17-19

shear,”™ '~ electrical and magnetic fields, zone annealing,'!”!? solvent vapor annealing,*-
22 and templated assembly.?>>> Among these methods, shear alignment has been shown to be a

feasible approach to effectively align block copolymer melts and concentrated solutions. Prior

1,26—28 1’29—31 d,32_34

studies on the shear alignment of block copolymers with spherica cylindrica gyroi

3338 morphologies, have shown the response of the morphology to shear generally

and lamellar
depends on the nature of block copolymer (e.g., architecture, molecular weight and segregation
strength) and shear conditions (e.g., temperature, rate of deformation and amplitude of
deformation).

The morphological response of lamellae- and cylinder-forming block copolymers to shear
has been extensively studied. For both morphologies, three possible orientations can be achieved:
perpendicular, parallel, and transverse.'% 33363942 Under shear, the microstructure alignment tends

to collectively minimize viscous dissipation and chain mixing.* In the case of parallel and

perpendicular orientations, the concentration gradient between the microdomains is perpendicular

to the velocity direction (T) of the shear flow to prevent intermixing of dissimilar chains. Thus,

parallel and perpendicular orientations are more stable than the transverse orientation and are



commonly encountered in lamellar and cylindrical systems. Under certain conditions (e.g. high
frequency in oscillatory shear** or presence of liquid crystalline domains on the side chain?!> ),
the transverse orientation can be achieved.

Relatively few reports have appeared on the shear alignment of sphere-forming bulk block
copolymers. The predominant lattice formed by spheres in bulk block copolymers is body-centered
cubic (BCC).2% 447 Under shear, the (111) plane in BCC spheres often aligns parallel to the shear
direction.*®>> BCC spheres can transition to hexagonally close-packed systems through the
application of high strain*® and this is often observed in films.**5" %% Spherical morphologies can
also adopt complex lattices such as Frank-Kasper phases and dodecagonal quasicrystals, which are
induced by conformational asymmetry of the block copolymers.?® 37-64

Though the presence of close-packed (CP) spheres is predicted by self-consistent mean-
field theory in a narrow region of the bulk block copolymer phase diagram,® they are not observed
as frequently as the BCC morphology. CP spheres have been reported in bulk block copolymers

27, 66, 67

under quiescent conditions and under extensional flow upon thermal annealing.®® The

absence of broader experimental observations of CP spheres is attributed to disruption of long-
range order of CP spheres through thermal fluctuations.®> 7 Also, the CP spherical phase was
shown to be thermodynamically unfavorable, as it is superseded by a disordered micelle phase due

to gains in translational entropy.”! However, the CP spherical morphology can be stabilized by

t72-74

alleviating the packing frustrations of the block copolymer melt by addition of solven or

75,76

homopolymer, and also by increasing the dispersity.® 77 Even small increases in dispersity (<

1.1) are sufficient to stabilize CP spheres, through mechanisms such as presence of interstitial sites

66

and chain pull-out.”® Recently, our group reported the transformation of a disordered spherical



morphology to CP spheres upon application of shear to a bulk block copolymer melt with higher
dispersity.’®

In situ techniques, such as small-angle X-ray scattering, small-angle neutron scattering and
birefringence, allow the real-time monitoring of morphological changes in block copolymers
during alignment, permitting exploration of kinetic pathways to aligned morphologies. The
majority of the literature has demonstrated a monotonic change from an unaligned structure to an
aligned structure upon shearing.?%:3"- 747 However, a few studies have shown the presence of shear
can cause non-monotonic changes. The orientation of lamellae in a concentrated block copolymer
solution changed from isotropic to perpendicular to disordered upon application of shear.’% 8!
Similar behavior was observed in a lamellae-forming block copolymer melt, in which the lamellar
orientation transitioned from isotropic to perpendicular and finally to a less-ordered biaxial
orientation.®® These results demonstrate the existence of an intermediate orientational state, and
thus orientations reported using ex situ methods may in fact be transient or non-equilibrium states.
It is therefore crucially important to monitor the alignment process in situ. Moreover, the
orientation and degree of order are governed by the shear protocol (e.g., duration, frequency,
temperature and strain amplitude), and a deeper understanding of alignment mechanisms and
kinetics allows optimization of the alignment process for targeted application. Even more powerful
is the ability to associate morphological changes with underlying mechanical response under
nonlinear flow. Recently, Fourier transform (FT)-rheology has been introduced as a tool to
quantify the mechanical response to oscillatory shear in the nonlinear region by analysis of higher-
order harmonics in the stress response.®® The relative intensity of the third harmonic (I31) is
sensitive to morphological changes and can be used as a mechanical response parameter to monitor

the shear alignment process.3%: 8% 8485



Here, we examine the kinetic alignment pathways of a bulk triblock copolymer forming a
CP spherical morphology under shear, using in situ SAXS and FT-rheology (we previously
reported the existence of CP spheres in this system, attributed to the higher dispersity of the
midblock’®). The structural response was correlated to the mechanical response under shear. We
report the first observation of shear-induced deordering of CP spheres in a block copolymer melt.
At high strain amplitude (y = 150%), a highly ordered close-packed spherical morphology was
achieved at short times and then degenerated to a poorly-ordered structure upon further application
of shear. The effect of strain amplitude on the orientational behavior of CP spherical layers was
evaluated. In the large-amplitude oscillatory shear (LAOS) region, parallel orientation of CP
spheres was observed, and in the medium-amplitude oscillatory shear (MAOS) region, a subset of
spheres reoriented to a more irregular orientation, producing additional grain defects. Increasing
the strain amplitude produced faster ordering and higher degree of orientation. Structural

rearrangements were consistent with the domain dissolution and reformation mechanism.



Experimental Methods

Materials

All chemicals were purchased from Sigma Aldrich unless otherwise noted.
Synthesis and Characterization of Poly(styrene-b-lauryl acrylate-b-styrene) Triblock
Copolymer

Detailed synthetic and characterization procedures were described previously for the
preparation of a poly(styrene-b-lauryl acrylate-b-styrene) (SAS) triblock copolymer.® Briefly, the
SAS triblock copolymer was synthesized through a two-step reversible addition-fragmentation
chain transfer polymerization. Proton nuclear magnetic resonance (‘H NMR) was performed on a
JEOL-500 instrument using deuterated chloroform. The number-average molecular weight (Mn)
and dispersity (P) were measured by a Viscotek gel permeation chromatography (GPC)
instrument. The order-disorder transition temperature (7oprt) of the SAS triblock copolymer was
probed using a TA Instruments DHR-2 rheometer equipped with 25 mm parallel plates. The
molecular characteristics of the SAS triblock copolymer used in this study are summarized in
Table 1.

Table 1: Characteristics of the SAS triblock copolymer

M of midblock (kg/mol) 57.3
M of triblock copolymer (kg/mol) 76.2
D 1.67
vol% of styrene in triblock copolymer 23%
Topt (°C) 220.8




Rheological Measurements

Ex situ rheological measurements were performed on a strain-controlled rheometer
(ARES-G2, TA Instruments) equipped with a cone and partitioned plate geometry (25 mm outer
diameter, 10 mm inner diameter and 0.1 rad cone angle). Sample disks with 25 mm diameter and
I mm thickness were prepared by compression molding on a Carver hot press at an applied load
of 4,200 lbs at 230 °C. Two different types of rheological tests were performed at 130 °C: (1)
dynamic strain sweeps with strain amplitude ranging from 1 — 1000% were performed at
frequencies of 1 and 10 rad/s and (2) dynamic time sweeps at a frequency of 10 rad/s were
performed at strain amplitudes of 50, 100 and 150%.

Measurements were carried out using transient data collection mode, which records stress
and strain wave-form data. The data were sampled with a density of 128 points/cycle. For dynamic
strain sweeps, 20 cycles of oscillation were performed at each strain amplitude value to generate
equilibrated oscillatory shear flow and only the last four cycles were analyzed. For dynamic time
sweeps, the stress and strain wave-form data were collected continuously for the first 500 cycles.
After that, 4 cycles of oscillation were collected for every 20 cycles. The stress and strain wave-
form data were analyzed with “MITlaos” software.?” The storage (G ) and loss (G ') moduli (from
the primary frequency), third-order harmonic (/31), and third-order viscous (v3/vi) and elastic
(e3e1) Chebyshev coefficients® were extracted.

In Situ SAXS Measurements

Small-angle X-ray scattering experiments were performed at beamline 5ID-D at the

Advanced Photon Source, Argonne National Laboratory with energy of 17 keV (corresponding to

an X-ray wavelength of 0.7293 A). Two-dimensional (2D) scattering patterns were collected at a



pixel resolution of 1920 x 1920 pixels using a CCD detector at a sample to detector distance of
8.5 m.

A Linkam CSS-450 shear cell was installed on the beamline for shearing samples in situ.
The sample disks (19 mm diameter and 1.6 mm thickness) for SAXS measurements were prepared
by compression molding on a Carver hot press at an applied load of 4,200 Ibs at 230 °C. Samples
were placed between two preheated parallel pates covered with kapton tape (Figure 1). The shear

cell was mounted such that the X-ray beam direction was perpendicular to the 1-3 plane of flow

(e.g. the beam was oriented along the shear gradient (i) direction). The samples were sheared at a
frequency of 10 rad/s with different strain amplitudes (50, 100 and 150%). SAXS data were
collected using following protocols: (1) for strain amplitudes of 100 and 150%, data were collected
at a rate of 1 frame/2 seconds with exposure time of 0.628 seconds for the first 3 min, then data
collection was slowed down to 1 frame/6 seconds with exposure time of 0.2 second for 40 min.
(2) For a strain amplitude of 50%, the data were collected at a rate of 1 frame/6 seconds with
exposure time of 0.628 second for the first 30 min, then the data collection was slowed down to 1

frame/ 12 seconds with exposure time of 0.2 second for 40 min.
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Figure 1: Schematic of shear cell mounted on the X-ray beamline, in which the X-ray beam is
perpendicular to the 1-3 plane (and along the shear gradient direction). Coordinate axis indicates

the velocity (_f), shear gradient (f), and vorticity (_§) directions.



Results and Discussion

Disordered Spherical Morphology Observed Prior to Shearing
The SAS triblock copolymer sample exhibited randomly oriented grains following
compression molding, as evidenced by the isotropic ring in the 2D SAXS data (inset of Figure 2).

The two-dimensional scattering pattern was azimuthally averaged to a one-dimensional profile of
intensity versus scattering vector q = 4771 sin(f/2) (B is the scattering angle, and A is the

wavelength), shown in Figure 2. The 1D SAXS profile exhibited a sharp primary peak (¢ = 0.0277
A1) with weak higher order peaks, indicating microphase separation. The higher order peak
locations were not consistent with traditional equilibrium bulk block copolymer phases (such as
ordered lamellae, cylinders, body-centered cubic spheres, or a gyroid phase), but were
characteristic of a disordered spherical morphology that has been previously reported by our
group.’® 8 To better understand the morphology, the 1D SAXS profile was fit with the Percus-
Yevik hard sphere model (equation 1). The model assumes the presence of spherical polystryene
domains (modeled as hard spheres) with average hard sphere radius Rsp, radius of interaction Rns

(Rns > Rsp) and effective volume fraction of hard spheres #:

I(q) = KNsP(q)S(q) (1)

where K is a constant that is a function of the type of radiation used and the sample properties, N
is the number of scatters, P(q) is the spherical form factor (equation S1) and S(g) is the hard sphere
structure factor with Percus—Yevick closure (equation S2).

The data fitting was performed using SasView, with combined functions of SphereModel
and HardSphereStructure. The effect of size distribution of hard spheres was also incorporated into
curve fitting by enabling the polydispersity function in SasView. The size distribution was

characterized using PD=c /Rsp , where ¢ is the standard deviation. The SAXS data were well-

10



described with the Percus—Yevick model, revealing the disordered spherical morphology of SAS
triblock copolymers. The parameters obtained from curve fitting were Rsp=9 nm, Rns= 13 nm,

=0.55 and PD = 0.14.

Figure 2: 1D SAXS profile obtained from the SAS triblock copolymer after compression molding
(o) and Percus-Yevick hard-sphere model fit (red solid curve). Inset shows the 2D SAXS image.

Nonlinear Viscoelastic Behavior of the SAS Triblock Copolymer

It is well known that the application of oscillatory shear in the nonlinear regime can induce
microstructure alignment. The nonlinear regime can be identified by performing a strain sweep at
a fixed frequency. In this study, a strain sweep was performed at 10 rad/s with strain amplitude y
= 1% — 1000%. The temperature was chosen as 130 °C, which is higher than the 7} of polystyrene
(103 °C) and lower than the Topr of the SAS triblock copolymer (220 °C). Dynamic moduli (G’
and G”) were plotted as a function of strain (Figure 3a). Two main regimes were observed in the
G’ and G” behavior: the linear regime (also known as small-amplitude oscillatory shear (SAOS)
regime) in which the dynamic moduli were independent of strain (y = 1 — 10% in Figure 3a) and
the nonlinear regime where the dynamic moduli decreased with strain, known as strain thinning (y

=10 — 1000% in Figure 3a). Strain thinning behavior is typically observed in polymer solutions

11



and polymer melts, originating from chain orientation and alignment of microstructure along the

flow direction that reduce the local viscous drag.*
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Figure 3: Oscillation strain sweeps of the SAS triblock copolymer at 130 °C and frequency of 10
rad/s: a) dynamic moduli, b) relative third harmonic, /31 = I3/[1 and c¢) Chebyshev coefficients,
e3/er and v3/v1, as functions of strain y. Red dashed line in a) is shown as a visual guide. Slope of
blue dashed line in b) is 1.48.
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Even though the dynamic moduli can provide useful information in the linear region, in
the nonlinear regime where the higher order contributions become non-negligible analysis of the
dynamic moduli alone is insufficient, as they only provide information on first order harmonic
contributions. The higher order contributions can be quantified using Fourier transform (FT)-
rheology. FT-rheology converts stress data in the time domain (Figure 4 inset) to the frequency
(0) domain (Figure 4), thus quantifying weak signals of the higher order harmonics. Among all
the higher order harmonics, the relative intensity of the third order harmonic (/31 = I(3w)//(®)) has
been proven to be powerful in quantifying the nonlinearity of materials.”®°! Figure 3b shows /3/1
as a function of strain. Based on different characteristics of /3/1(y), the nonlinear region can be
subdivided into two regimes: medium-amplitude oscillatory shear (MAOS) and large-amplitude
oscillatory shear (LAOS) regimes. MAOS is an intermediate regime between SAOS and LAOS,
characterized by a slope of two in the log-log plot of /31 vs y for simple linear entangled polymer
melts, and a slope of less than two in other cases such as presence of branching or strain
hardening.®? In our triblock copolymer, the slope was 1.48 in this regime (y = 10%-75% in Figure
3b). Interestingly, in the LAOS regime, a subregime was observed where /3,1 decreased with strain
starting at y = 100%, corresponding to a shoulder in G’(y). This behavior is in contrast to most of
the literature, in which /31 (y) was sigmoidal.?* *-*> Non-sigmoidal behavior has been reported for
a block copolymer solution”® and carbon black filled rubber®. Lopez-Barrén et al observed a
decrease of I3/ in a block copolymer solution at high strain amplitude.”® They ascribed the non-
sigmoidal behavior to shear melting of hexagonally close-packed spheres at high strain amplitude,
as observed in SANS measurements. Leblanc ef al observed a “bump” in the intermediate strain

amplitude due to strong interactions between a viscoelastic matrix (rubber) and a dispersed phase

13



(carbon black).”* We ascribe the drop of 31 at y=100-180% in Figure 3b to shear deordering that

will be discussed in detail in the analysis of time-resolved SAXS data later in this manuscript.
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Figure 4: FT spectrum calculated from the time-dependent shear stress (from 5% to 8™ oscillation
cycles) of the SAS triblock copolymer under MAOS (® = 10 rad/s, y=50%, T=130 °C).

An alternative way to quantify nonlinearity is to use the relative third-order elastic and
viscous Chebyshev coefficients (es/er and v3/vi, respectively). Ewoldt et al proposed stress

decomposition using a set of orthogonal Chebyshev polynomials of the first kind, as defined in

equations 2 and 3:

@
@ =1 ) en@ V)T
n=odd
D=1 ). (@, 1))
n=odd
)

where ¢’ and ¢" are the elastic and viscous stresses, ¥, is the maximum strain, e,, and v,, are the
nth-order elastic and viscous Chebyshev coefficients, T, (x) is the nth-order Chebyshev

polynomial of the first kind, and X = y/y, and y = y /¥, are the normalized instantaneous strain

14



and strain rate that provide the appropriate domains of [-1, +1] for orthogonality.®® The Chebyshev
coefficients allow the interpretation of intracycle nonlinearity where e3 > 0 indicates intracycle
strain stiffening and e3 < 0 represents strain softening. Similarly, v3> 0 indicates intracycle shear
thickening and v3 < 0 describes shear thinning.

Figure 3¢ shows the Chebyshev coefficients as function of strain. In the SAOS regime,
both es/e1 and vi/vi were close to zero as expected. In the MAOS regime, v3/vi and e3/ei started to
increase with strain, indicating the sample exhibited nonlinearities in both elastic and viscous
responses. The positive signs of v3 and e3 suggest intracycle shear thickening and strain stiffening.
In the LAOS regime, shear deordering started at y = 100%, as evidenced by decrease of both v3/vi
and e3/e1, coinciding with a drop of /3/1 and a shoulder in G’. The decreased v3/vi and e3/e1 suggests
less contribution from strain hardening and shear thickening due to reduction of long-range order
because of shear deordering. With increasing strain amplitude (y > 180%), e3/e1 increased sharply
while vi/vi decreased to negative values, suggests a transition from shear thickening to shear
thinning at high strain values.

Exploring Domain Alignment through Time-Resolved SAXS

To study the effect of strain on the kinetic pathway of alignment, in situ synchrotron SAXS
were performed to investigate the time-dependent morphological evolution of the SAS triblock
copolymer under varying strain amplitude with fixed frequency (® = 10 rad/s) at 130 °C. Three
strain amplitudes were chosen, in different shear regimes, based on the results of the strain sweep:
y=150% in the MAOS regime, y = 100% in the LAOS regime and y = 150% in the shear deordering
subregime of the LAOS regime. The structural evolution was monitored over the course of 40 and
140 min for strain amplitudes in LAOS and MAOS regimes, respectively. We note that our prior

work utilizing ex situ SAXS measurements, in which data were taken in all three shear directions

15



(shear gradient (f), velocity (T), and vorticity (?) directions), established the presence of CP
spheres (2D hexagonally close-packed (HCP) sphere layers arranged in co-existing 3D face-
centered cubic (FCC) and HCP sphere morphologies) in this SAS triblock copolymer under shear

78

alignment.”® Here, we discuss in situ SAXS data obtained in the shear gradient direction (f) only,

Representative 2D SAXS data for the SAS triblock copolymer, obtained in the shear

gradient (_i) direction, under varying strain and different time stamps are shown in Figure 5. In the
initial state (t = 0 s), the ring-like pattern in the 2D SAXS image indicates a macroscopically
isotropic morphology with randomly oriented domains, as discussed previously. Upon application
of oscillatory shear in the nonlinear regime, diffraction spots appeared and became sharp and bright
under extended shearing, indicating the formation of macroscopically-aligned morphologies. The
kinetics of alignment in the LAOS regime were significantly faster than that of the MAOS regime,
evidenced by the fact that well-defined diffraction spots were fully developed within 90 s in the
LAOS regime whereas in the MAOS regime the structures were not fully developed until after 40
min of oscillatory shear. The six spot pattern in the innermost ring is consistent with the presence
of HCP layers (e.g. the (1 1 1) plane in the FCC structure or (0 0 0 1) plane in the HCP structure),’
which was corroborated by ex situ SAXS data obtained in all three shear directions in our prior
study.”® The formation of HCP layers in HCP and/or FCC morphologies is also consistent with the

observed shear thinning behavior (Figure 3a) as HCP planes of spheres comply easily with flow.”*

96, 97
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Figure 5: Representative 2D SAXS data obtained in the shear gradient direction (f), with varying
strain amplitudes (y=50, 100 and 150%) at different time stamps (t=0, 10, 90, 1200 and 2400 s).
Shear conditions used were ® = 10 rad/s and T = 130 °C. The following shear regimes have been
identified for each condition: MAOS regime for y = 50%, LAOS regime for y = 100%, and shear
deordering subregime of LAOS regime for y = 150%. At 90 s, non-equatorial and equatorial spots
are highlighted as 1 and 2, respectively.

It is worth noting that in the LAOS regime (y = 100 and 150%), the two equatorial
diffraction spots were less intense than the other four spots after alignment (e.g., compare spots 1
and 2 at 90 s in Figure 5, which are non-equatorial and equatorial spots, respectively). Loose and
Ackerson proposed a layer sliding mechanism indicating that HCP layers can slide over each other
under shear using two types of motions: (i) under relatively low shear rates, the layers follow a
zig-zag path and (i1) under relatively high shear rates, the layers follow a straight path parallel to

)'98

the velocity direction (T Theoretical calculations revealed that the zig-zag motion resulted in

17



partial reduction of the intensity of the two equatorial diffraction spots while the straight motion
resulted in the disappearance of the two spots.”® The spot intensities in the equatorial and non-
equatorial regions were monitored during alignment (Figures S1 and S2 for y = 100 and 150%,
respectively). Whereas the non-equatorial spot showed little change in intensity over time, the
equatorial spot intensity drastically decreased within the first 400 s before reaching a plateau. The
equatorial and non-equatorial spots initially had similar intensities, and after alignment the

equatorial spot intensity was reduced to around 10-20% of the non-equatorial spot intensity. Thus,

we believe in the LAOS region, the HCP layers stacked along the shear gradient direction (i) (ie,
the normal direction of the HCP layers was parallel to the shear gradient direction) and used a zig-
zag path to slide over one another.

Conversely, in the MAOS regime (y = 50%), the two equatorial diffraction spots were
brighter than the other four spots after alignment (Figure 5, compare spots 3 and 4 at t = 2,400 s).
The spot intensities in the equatorial and non-equatorial regions were monitored during alignment
(Figure S3). Initially, the intensities of equatorial and non-equatorial spots were similar, and with
increasing alignment time the equatorial spot intensity increased while the non-equatorial spot
intensity remained relatively constant. At 2,242 s, when anisotropic diffraction patterns became
visible in the 2D SAXS data, both equatorial and non-equatorial spot intensities dropped
drastically and then increased again. At longer alignment times, the equatorial spot intensity was
around 2.2 times greater than that of the non-equatorial spot intensity. In contrast to the fully
parallel orientation observed in the LAOS regime, we propose a biaxial orientation could be
present in the MAOS regime. In a biaxial orientation, some of the HCP layers have a parallel

orientation in which they are oriented parallel to the 1-3 plane (and perpendicular to the shear

gradient direction (5)), while other HCP layers have a perpendicular orientation in which they are

18



oriented parallel to the 1-2 plane (and perpendicular to the vorticity direction (§)). This hypothesis
is supported by comparing the 2D SAXS data with predicted Bragg peak positions (Figure 6a).
The locations of Bragg peaks were calculated by inputting the space group symmetry, lattice

constant and the direction of the beam following previously reported procedures.”® In the
perpendicular orientation, the norm of HCP layers is along the vorticity direction (§) (Figure 6b).

In the parallel orientation, the norm of HCP layers is along the shear gradient direction (f). The
predicted Bragg peaks show good overlap with observed 2D SAXS data in Figure 6a in the primary
ring of hexagonal spots. The appearance of the perpendicular orientation contributes to brighter
intensity of the two equatorial spots. While the majority of literature studies on block copolymer
solutions and melts demonstrated HCP layers with parallel orientation, °* °®°® Daniel et al has
reported the biaxial orientation of HCP layers for a block copolymer gel under steady shear flow
at intermediate shear rates.”* We do note, however, that not all predicted spots are observed in
Figure 6 outside of the primary ring. This may be due to resolution limitations, as the concentration
of spheres in the perpendicular orientation is likely much less than that in the parallel orientation,
evidenced by the fact that the equatorial spot intensity was only slightly higher (factor of 2.2) than
that of the non-equatorial spots. However, an alternative explanation for the diffraction pattern
observed in Figure 6 is the stringing of spheres with long-range order along the 1 direction,” which
would also produce the higher equatorial spot intensity. The resolution of our data does not allow
us to differentiate between these two possible explanations (e.g., biaxial orientation or stringing of

spheres).
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Figure 6: a) Comparison of 2D SAXS data obtained at y = 50% and t = 2,400 s with the predicted
Bragg peaks for parallel (red \/) and perpendicular (black []) orientations of HCP layers. b)
Schematic of relative alignment of HCP layers with the shear axes. In the perpendicular
orientation, the norm of HCP layers is along the vorticity direction (§), whereas in the parallel

orientation, the norm of HCP layers is along the shear gradient direction (_f). Here HCP layers with
ABABAB stacking (A layers are blue and B layers are orange) are presented as an example.

Kinetics of Shear Alignment
To qualitatively study the alignment kinetics, the intensity as a function of azimuthal angle

was determined for the innermost ring, and the anisotropic factor (As) was calculated to

characterize the degree of alignment (equation 4):

3 ;7 1(q", 8)cos[6(6 — 6,)]d6
/" 1(q",6)d8

Ag “4)

where q* is the magnitude of the scattering vector of the innermost ring, @ is the azimuthal angle,
and the factor of 6 accounts for six-fold symmetry.”">*7® A¢ ranges from 0 (fully isotropic) to 1

(fully aligned). Asvalues are shown in Figure 7 as a function of shearing time. At early stages of
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shearing (180 s for y = 100 and 150%, and 1,800 s for y = 50%), data were collected with exposure
time 0.628 s, corresponding to one oscillation cycle, and thus the curves are smooth as the
stroboscopic effects (intracycle melting and ordering) were smeared out. After that, the exposure
time was reduced to 0.2 s, therefore the curves became noisy at longer times due to stroboscopic
effects.”: 100

In the MAOS regime (y = 50%), A exhibited an initial steep increase and then slowly
approached a plateau of A= 0.68. In the LAOS regime (y = 100%) a more rapid increase of Ay

was observed at short times as compared to in the MAOS regime, indicating faster orientation
kinetics. In addition, the sample achieved a higher plateau Ay value (A = 0.75 for y = 100%),
indicating greater degree of alignment in the LAOS regime. The plateau value of A remained
constant at long times (neglecting the oscillations due to stroboscopic effects), indicating the
formation of a stable macroscopic orientation despite the presence of continuing external
mechanical excitation. At the highest strain amplitude (y = 150%), also in the LAOS regime,
instead of reaching a plateau, a maximum in Ay was observed at t = 180 s, after which 4rdecreased
over time. The decreasing 4Arindicates the macroscopic orientation was not stable under continuing
mechanical stimulus. The decreased degree of alignment is also evidenced by the strengthening of
the intensity of the innermost isotropic ring at t = 1,200 s and 2,400 s (Figure 5), indicating partial
melting of HCP layers. Recalling that /31 decreased with strain starting at y = 100% (Figure 3b),
and G’ (y) exhibited a shoulder in the same strain region (Figure 3a), we propose this behavior is
related to shear deordering. The observation of shear deordering at high strain amplitude indicates
that macroscopic ordering under oscillatory shear is a complex process, and the degree of
alignment is not only affected by the shear conditions (frequency, strain amplitude, temperature),

but also by the duration of applied shear.
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Figure 7: Anisotropic factor (Ay) as function of shearing time for y = 50% (orange \/), 100%
(blue 0) and 150% (red o). The solid lines are stretched exponential fitting (eqn. 5).

Only a few studies have reported the presence of shear deordering. A concentrated diblock
copolymer solution exhibited shear deordering under reciprocating shear field with high
frequency, in which well-defined perpendicular lamellae transitioned to a poorly defined parallel
orientation under continuous mechanical stimulus.®' A diblock copolymer melt under LAOS with
high strain amplitudes exhibited shear ordering in which perpendicular lamellae transitioned to a
biaxial orientation under further application of shear.®> Shear melting has also been reported in
BCC block copolymer melts under unidirectional shear.'%"> 12 To the best of our knowledge, we
are the first to report on the shear deordering of a bulk block copolymer with CP spherical
morphology.

To quantitatively study the kinetics of shear alignment, the time dependence of Ay was fit
with a stretched exponential function (equation 5). The stretched exponential function was

modified to conform to the following boundary conditions: when =0, A¢ = 0 and when ¢ = oo, A¢

= Af,O:
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Ap = Apo(1 — e~ WD) Q)

where Af  is the plateau value, 7 is the characteristic alignment time and f is the “heterogeneity
index” that represents the width of the alignment time distribution. The stretched exponential
function has been widely used to describe the time-dependent shear-induced alignment
processes.* 8% 19 Disordered polymer melts possess a heterogeneous distribution of grain sizes,
shapes and orientations, and thus a broad distribution of orientation times 7 are usually observed,
resulting in deviation from the ideal single exponential function (f = 1). The fitted exponential
function curves are shown in Figure 7 as solid curves and fitting results are tabulated in Table 1.
Note that for y = 150%, only the data for the first 180 s were fit (before the onset of shear

deordering).
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Table 1: Parameters extracted from fitting the stretched exponential function (equations 5, 6, and
7) to the time-dependent Ay, normalized moduli (G’, G”) and /31 at various y

Ay
Y Agp 7(s) B
50% 0.678 £ 0.002 210+5 0.42 + 0.05
100% 0.751 + 0.002 104+05  0.67+0.08
150% 0.741 + 0.004 72406 0.75 + 0.08

Normalized G’

Y Go * 7(s) B
50% 0.536 + 0.002 25+ 1 0.38 + 0.02
100% 0.818 + 0.002 9+ 1 0.80 + 0.08
150% 0.902 + 0.001 8+ 1 0.86 + 0.08

Normalized G"

Y Go® 7(s) B
50% 0.670 £ 0.003 56+2 0.35+0.02
100% 0.844 £ 0.002 8+1 0.85+0.09
150% 0.907 + 0.003 5+1 0.95+0.05

I

Y D310 7(s) S
50% -0.135 £ 0.005 43 +3 0.25+0.02
100% 0.025 £ 0.001 31+2 0.7+0.1
150% 0.026 £ 0.001 16 £2 0.71 £0.08

G4 and G, are unitless as eqn. 6 describes the normalized G’ and G"
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As expected, Af increased with strain amplitude while 7 decreased, indicating larger
deformation produced higher degree of alignment and faster kinetics. The orientation time 7
exhibited a broad distribution (f < 1), and S increased with strain amplitude, indicating defects
(e.g., heterogeneity in grain size, shape, orientation) were effectively removed by applying larger
deformation. The increase in Ay o, decrease in 7, and increase in £ with increasing strain amplitude

are consistent with a prior literature study on a lamellae-forming block copolymer.®?

Correlation of Morphological Changes and Mechanical Response

To correlate morphological properties (e.g., degree of alignment, grain orientation) with
rheological properties (e.g., moduli, nonlinearity), orientation of the SAS triblock copolymer was
explored using a rheometer with cone partitioned-plate geometry, under the same shear conditions
employed in the SAXS experiments (T =130 °C, ® = 10 rad/s, y =50, 100 and 150%). Both storage
and loss moduli were normalized by their maximum value (normalized G'= G /G 'max, normalized
G” = G”/G " max) in order to qualitatively compare the time progression of moduli under different
strain amplitudes (Figure 8). Under all shear conditions, both storage and loss moduli exhibited an
initial sharp decrease due to the removal of defects and the formation of HCP layers that comply
easily with flow, similar to that observed in Ay in Figure 7. For y = 50 and 100%, the moduli
reached plateau values indicating stable structures were formed, consistent with morphological
observations under SAXS. By contrast, at y = 150% the moduli reached a minimum value at short
time then increased upon continuous shearing. Recall that Arquantified from in situ SAXS reached
a maximum value and then decreased with further shearing time, indicating shear-induced
deordering Similarly, we attribute the increase of the moduli at long shearing times to the increased

number of defects as a result of shear deordering.
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Figure 8: Normalized moduli (G’ and G”) as a function of time for the a) MAOS regime (y =
50%) and b) LAOS regime (y = 100% and 150%). The solid curves are stretched exponential fits
to the data (equation 6). The dashed horizontal lines are included as visual guides.

The time progression of the normalized storage modulus under various strain amplitudes

was modeled with a stretched exponential function (equation 6):
B
Normalized G’ = (1 — G}) <e_(?) - 1) +1 (6)

where G is the plateau value. An analogous equation was applied to the time progression of
normalized G ”, with G, as the plateau value. The results of fitting equation 6 to the data are shown
as solid curves in Figure 8. Note that for y = 150%, only the data during the first 180 s were used
for fitting (prior to onset of shear deordering). The extracted fit parameters are tabulated in Table

1. The observed trends are quantitatively similar to that discussed for the time progression of Ay.
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Comparable analyses were also conducted without normalization of the moduli, which yielded
very similar values of 7 and f (Figure S4 and Table S1).

However, the normalized moduli do not provide much information as the stress curves
become distorted under MAOS and LAOS flow. We therefore examined the nonlinear stress data
using the ideas developed in FT-rheology. The relative intensity of the third harmonic (/3/1) was
chosen to monitor the alignment process. Previous studies have shown that /31 is sensitive to
microstructural changes, and thus it is suitable to assess macroscopic orientation.*® 8285103 Tywq
completely different behaviors were observed in /31 in the MAOS and LAOS regimes (Figure 9):
in the MAOS region, /31 increased upon shearing, while in the LAOS region, /31 decreased upon
shearing. Generally, [3/1 is proportional to the number of defects.’® 82 Under shear flow, the grain
interfaces (defects) undergo deformations that give rise to the nonlinear stress response. Typically,
during the shear alignment process, the number of defects is anticipated to decrease as the
microdomains become more oriented, thus decreasing /3/1. This rationale explains the observation
in the LAOS region that /31 decreased upon shearing.

It is quite unusual that /3/1 increased with time in the MAOS region. An increase of /311 with
application of shear has been reported previously for block copolymer lamellae, upon reorientation
from parallel to perpendicular orientations.**It has also been reported for the orientation of liquid
crystals under oscillatory shear, in which poor orientation was observed at relatively small strain
amplitude (in the nonlinear regime), and shear flow did not result in well-oriented lamellae.'®
Thus, differently oriented grains showed different stress levels, especially at grain boundaries,
which resulted in more distorted macroscopic stress curves. In Figure 9 in the MAOS regime, I311
increased sharply and then reached a plateau. We previously identified the presence of coexisting

parallel and perpendicular orientations of HCP layers (e.g., discussion on Figure 6). Thus, we
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hypothesize that upon shearing, some of the parallel HCP layers reoriented to the perpendicular
direction, resulting in increased number of defects (boundary between grains) and therefore larger
VENR

The time progressions of /3/1 under various strain amplitudes were also modeled with the
stretched exponential function (equation 7):

B
Iy, = 13/1’0e‘(?) +C (7)

where C is the plateau value (C = 0.1347, 0.03328, and 0.01476 for y = 50, 100, and 150%,
respectively). The fit of equation 7 to the data is shown as solid curves in Figure 9 and the resulting
fit parameters tabulated in Table 1. A negative value of /31,0 is indicative of increase in /31 with
time (e.g., observed at y = 50%), while a positive value represents a decrease with time (e.g.,
observed at y = 100 and 150%). Similar to the results obtained from fitting the stretched
exponential to Af and the normalized moduli, the characteristic ordering time decreased with
increasing strain amplitude, indicating faster dynamics at higher strain amplitudes, and the
heterogeneity index [ increased with strain amplitude, indicating formation of a more
homogeneous grain size distribution at higher strain amplitudes.

It is worth noting that the values of 7 and f are method-dependent and differing values are
obtained when fitting the stretched exponential function to A¢, G’, G” and [31; however, the
qualitative trends observed in 7 and S with applied shear amplitude were consistent regardless of

the measurement technique used.
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Figure 9: a) Time progression of /31 for the a) MAOS regime (y = 50%) and b) LAOS regime (y
=100 and 150%). Solid curves are stretched exponential fits (equation 7) to the data.

Identification of Alignment Mechanism

To understand the alignment mechanism, 2D SAXS data obtained at early stages (180 s for
vy = 100 and 150%, and 1,800 s for y = 50%) were azimuthally averaged and compared to one
another (Figures 10 and S5). Several noticeable changes in the 1D SAXS data were observed
during the alignment process. First, the primary peak became sharper and shifted to lower ¢ (e.g.,
from 0.0266 to 0.0255 A at y = 100% in Figure 10), indicating structural rearrangement resulting
in larger domain spacing and greater ordering. Second, the primary peak corresponding to the
Percus-Yevick structure factor disappeared (shown by the black arrow in Figure 10) and new peaks

appeared at ¢ = 0.0425 and 0.0512 A™! (corresponding to \3g" and V4q", respectively) as the
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alignment proceeded. Similar behavior was observed at all strains (y = 50, 100 and 150%), with
some distortion of hexagonal in-layer packing present at y = 50% (Figure S5).

Previous studies have proposed two types of alignment mechanisms: grain rotation and
domain dissolution and reformation (or melting and recrystallization).!% 2% 31 8. 104. 105 Grajp
rotation requires the initial sample to consist of grains with a well-aligned structure within each
grain, but not aligned with respect to each other. Under shear, the grains remain intact and rotate
as hard bodies until the preferred orientation is achieved. By contrast, in domain dissolution and
reformation, domains with unfavorable orientation are first melted and then re-formed piece by
piece to the preferred orientation to achieve a globally aligned structure. We propose that the SAS
triblock copolymer has aligned through the domain dissolution and reformation mechanism. The
dissolution of domains is confirmed by the disappearance of the Percus-Yevick structure factor
peak, indicating melting of disordered spherical structures in the sample. Meanwhile, new domains
with CP spherical structures were formed, as evidenced by the appearance of the new peaks at

V3¢" and V4q".

structure factor

0.02 0.04 0.06 0.080.1
q(A")

Figure 10: 1D azimuthally averaged SAXS profiles obtained at different times (0, 6, 10, 30 and

180 s) at strain y = 100%. Data are shifted by the following factors: 10° (0 s), 10! (6 s), 10? (10 s),

10° (30 s), and 10* (180 s). Purple arrows indicate locations of primary and secondary peak
positions as expected for CP spheres based on the HCP unit cell with dimensions a/c = 0.66 and c
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= 45.7 nm (theoretical peak locations were determined by fitting 2D SAXS data and calculating
q* from the resulting unit cell a and c values). Black arrow indicates location of primary peak
associated with the Percus-Yevick structure factor for hard spheres. 1D SAXS profiles for y = 50
and 150% are shown in Figure S5.

Conclusions

The kinetics and mechanisms of alignment of poly(styrene-b-lauryl acrylate-b-styrene)
triblock copolymers with an initially disordered spherical morphology were investigated.
Disordered spheres transitioned to a close-packed (CP) spherical morphology under nonlinear
oscillatory shear. Shear regimes were identified through FT-rheology. In the SAOS regime, G’
and G” were independent of y, and /31, e3/e1 and v3/vi were negligible. In the MAOS regime, G’
decreased due to strain thinning, /31 vs. y exhibited a slope of 2 on a log-log plot, and e3/e1 and
v3/v1 started to increase due to intracycle shear thickening and strain stiffening. In the LAOS
regime, both G’ and G decreased due to strain thinning and shear deordering was observed
through the presence of a shoulder in G’ and decrease in /31, v3/v1 and es/ei. As y further increased,
I31 increased once again due to grain reformation, and e3/e1 increased sharply while v3/vi decreased
to negative values, suggests a transition from shear thickening to shear thinning at high strain
values.

Time-dependent microstructural changes were evaluated using in situ SAXS. At fixed
temperature (T = 130°) and frequency (o = 10 rad/s), increasing strain amplitude resulted in not
only faster ordering but also a higher degree of orientation. Two types of orientations of HCP
layers were observed: 1) parallel orientation of HCP layers in the LAOS region (y =100 and 150%)
and 2) a more irregular biaxial or sphere stringing orientation in the MAOS regime (at y = 50%).
In the LAOS regime, the HCP layers stacked along the shear gradient direction and used a zig-zag
path to slide over one another. Interestingly, for the first time, we observed shear deordering of CP

spheres under oscillatory shear, observed at the highest strain amplitude (y = 150%). At short times
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(180 s), a highly ordered CP spherical morphology was achieved at y = 150%; however, it
degenerated to become less ordered upon extended shear. Structural rearrangements were
consistent with the domain dissolution and reformation mechanism, in which the unfavorable
disordered spheres first melted and then reformed in the preferred CP structure.

Mechanical responses were correlated to morphological changes. The anisotropic factor Af
sharply increased with increasing shear time, reaching a plateau value in MAOS and LAOS
regimes. Ay was higher in the LAOS regime as compared to MAOS regime, and under shear
deordering, Ay reached a maximum value and subsequently decreased with longer shearing times.
For all shear conditions, both G’ and G decreased significantly upon ordering due to formation
of HCP layers that exhibited less resistance to flow. Aty = 150%, the moduli initially decreased
sharply followed by a slight increase, attributed to the shear deordering process observed with in
situ SAXS. Two opposite behaviors of time-dependent changes of /3/1 were observed: /3/1 increased
with time in the MAOS regime and decreased with time in the LAOS regime. The decrease of /31
in the LAOS region is anticipated during ordering due to continuous removal of defects and thus
presence of fewer grain boundaries. The unexpected increase of /31 in the MAOS region is
hypothesized to originate from the presence of sharp grain interphase boundaries (defects) due to
the biaxial orientation or sphere stringing, that gave rise to increased /3/1.

Changes in the anisotropic factor A¢ quantified from in situ SAXS data, normalized moduli,
and 311 with shearing time were modeling with stretched exponential functions. In all cases, the
characteristic ordering time decreased with increasing strain amplitude, indicating faster dynamics
at higher strain amplitudes, and the heterogeneity index B increased with strain amplitude,

indicating formation of a more homogeneous grain size distribution at higher strain amplitudes.
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