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Abstract: Application of shear stress has been shown to unidirectionally orient the 

microstructures of block copolymers and polymer blends. In the present work, we study the 

phase separation of a novel nanoparticle (NP) – polymer blend thin film system under shear 

using soft-shear dynamic zone annealing (DZA-SS) method. The nanoparticles are densely 

grafted with polymer chains of chemically dissimilar composition from the matrix polymer, 

which induces phase separation upon thermal annealing into concentrated nanoparticle domains. 

We systematically examine the influence of DZA-SS translation speed and thus the effective 

shear rate on nanoparticle domain elongation and compare with the counterpart binary polymer 

blends behavior. Unidirectional aligned nanoparticle string-domains are fabricated with the 

presence of soft-shear in confined thin film geometry. We expect this DZA-SS method to be 

applicable to various NP-polymer blends towards unidirectional aligned nanoparticle structures, 

important to functional nanoparticle structure fabrications.  

 

 

 

 

 

 

 

Key words: nanoparticle, polymer blend thin film, zone annealing, shear rate, phase separation, 

string morphology. 
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Polymer-nanoparticle (NP) hybrid materials attracted extensive research interest in 

nanotechnology since they offer a unique opportunity to engineer novel materials resulting from 

the combination of nanoscale properties of NPs and the mechanical properties and processability 

of polymer materials. With various novel nanoparticle synthesis and functionalization techniques, 

precisely designed polymer grafted nanoparticles are promising building blocks towards versatile 

nanoparticle structures with advanced photonic, electronic, optical and magnetic properties.
1-5

 

Polymer grafted nanoparticles have been embedded in a wide range of polymer matrices and the 

distribution of NPs was successfully manipulated. For instance, nanoparticles were selectively 

segregated in phase-separated block copolymer template
6,7

 or supramolecular frameworks;
8
 

“self-corralled” nanoparticle superlattice was generated by unfavorable enthalpic interactions 

between polymer brush and a chemically dissimilar polymer matrix; 
9
 jamming morphology was 

observed for NP filled phase-separated polymer blends.
10,11

 One simple example of NP-polymer 

blend is the case where the grafted polymer ligand is composed of the same chemical 

composition as the free polymer matrix chain, which is the so-called “athermal” blends. In this 

situation, the dispersion behavior of nanoparticles in homopolymer matrix is determined by 

relative NP size to free polymer chains, grafting density, and the ratio of the degree of 

polymerization of polymer matrix and brush.
12,13

 Generally, the dispersion of nanoparticles is 

promoted when the nanoparticle size is smaller than the radius of the gyration of the free 

polymer chains because of the reduced elastic stretching of polymer matrix chains and the 

enhanced translation entropy of the nanoparticles.
13,14

  

Nanoparticle-polymer blend systems where the grafted polymer chains are of chemically 

dissimilar compositions from the polymer matrix were less studied, yet the enthalpic interactions 

between the grafted and free polymer chains can potentially be utilized to control the assembly 
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structures of nanoparticles. As has been demonstrated in binary polymer blend films, diverse 

phase-separated morphologies were observed depending on the composition and annealing 

conditions.
15,16

 More importantly, to fabricate novel functional materials such as photonic 

bandgap materials, nanostructured solar cells, and high-density magnetic storage media, it is 

essential to control nanoparticle assembled structures. We have previously demonstrated that 

soft-shear dynamic zone annealing (DZA-SS) process is an efficient way to fabricate 

unidirectional aligned structures of phase-separated block copolymers (BCPs) and NP-BCP 

blend films. 
17,18

 The shear stress during DZA-SS process is generated by local thermal 

expansion and contraction of a confining soft elastomer capping layer (as it traverses the 

temperature gradient) at the polymer film surface, which is termed as “soft shear”. The more 

significant deformation of the elastomer capping layer defining the shear direction occurs in the 

direction of DZA thermal gradient or sample motion direction rather than the orthogonal 

direction, which generates unidirectional aligned phase separated BCP structures together with 

nanoparticles. In this study, we investigated a novel binary thin film system composed of densely 

grafted gold nanoparticles with polystyrene (PS, Mn,PS = 11.5 kg/mol) ligands (hereafter denoted 

as AuPS) and low molecular mass poly(methyl methacrylate) (PMMA, Mn,PMMA = 3.1 kg/mol) 

homopolymer matrix. The average radius of the gold core (R0) is 1.21 nm and the PS grafting 

density is 0.7/nm
2
. The unfavorable interaction between PMMA matrix and PS brush results in 

phase-separated morphologies where AuPS nanoparticles formed discrete domains in PMMA 

matrix while the well-dispersed state of NPs is maintained within the domain structures. DZA-SS 

induced oscillatory soft-shear was applied to these AuPS/PMMA blend films at various 

conditions and compared with binary PS/PMMA blend films with Mn,PS = 11.5 kg/mol. The 

correlation between translation speed (v) during DZA-SS process and the deformation 
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morphology was established considering a conceptual “effective shear rate” (���). Stabilization of 

highly elongated AuPS “string” morphology was achieved due to shear flow and finite size effect, 

beyond expected balance of elastic restoring interfacial tension of the nanoparticle domain 

against the elongating shear flow. Further, prior to coalescence into lines, the nanoparticle 

domains line-up on average in straight-line fashion presumably to reduce 

frictional/hydrodynamic interactions between multi nanoparticle domains.  

Results and Discussion 

The initial distribution state of AuPS nanoparticles in PMMA matrix was examined by 

top-view transmission electron microscopy (TEM) as shown in Figure 1a. This random in-plane 

dispersion of nanoparticles induced by good solubility of AuPS in toluene solvent provided a 

well-defined initial state. Upon vacuum oven annealing at 180
 o

C for 16 h, which is significantly 

higher than the glass transition temperatures (Tg) of both PS (Tg PS ≈ 90 °C) and PMMA (Tg PMMA 

≈ 105 °C), the 20% AuPS/PMMA blend films demonstrated a phase separated morphology. As 

shown in Figure 1b, the AuPS nanoparticles segregated together and formed discrete circular 

domains in PMMA matrix. It is worth noting that even in these phase-separate domains, the 

nanoparticles are in a well-dispersed state without aggregation or crystallization. The surface 

morphology of the phase-separated AuPS/PMMA blend films were characterized by atomic 

force microscopy (AFM). As demonstrated in Figure 2a and 2b, both PMMA and AuPS phases 

were observed at the smooth film surface with root-mean-square roughness Rrms ≈ 0.76 nm. By 

comparison, the phase-separated morphology of 20% PS/PMMA blend films was studied where 

the molecular weight of the linear PS chains was the same as the grafted PS chains (Mn,PS = 

11.5kg/mol). Figure 2c and 2d show the AFM height and phase images of this binary polymer 

blends where similar phase separated morphology was observed with circular PS domains in 
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PMMA matrix. The film surface is also smooth with Rrms ≈ 1.83 nm. This analogous phase 

separation behavior of AuPS/PMMA blends and binary polymer blend stems from the common 

thermodynamic driving force. In both cases, it is the unfavorable enthalpic interaction (Flory-

Huggins interaction parameter χPS-PMMA ~ 0.037
19

, 180 
o
C) that drives the phase separation 

process, considering that the sufficiently high grafting density of the nanoparticles effectively 

shields  the Au cores.
20

 The major difference between AuPS/PMMA and PS/PMMA phase-

separated structures is that the phase separation scale and average domain size (S) of binary 

polymer blends is significantly larger compared to NP-polymer blends, which might be 

correlated to the collective higher viscosity of the densely grafted AuPS nanoparticles 
21

 as well 

as configuration difference of the nanoparticle grafted PS chains.  

To exert control over the phase-separated structures of these blend films and achieve 

symmetry breaking of the isotropic circular domains, shear stress was applied to these blend 

films though soft-shear dynamic zone annealing (DZA-SS) process. As schematically illustrated 

in Figure 3, the as cast AuPS/PMMA blend film on quartz substrate is laminated with a smooth 

poly (dimethyl siloxane) (PDMS) capping layer. This assembly is translated across the in-plane 

temperature gradient profile defined by cold-hot-cold zones. The translation speed (v) ranging 

from 1 µm/s to 140 µm/s is prescribed by a programmed movable arm. The maximum 

temperature is controlled at Tmax ≈ 180 °C. When the PDMS confined blend film is translated 

across the thermal gradient field and the temperature rises above Tg, the expansion and 

contraction of the PDMS generates shear stress in the sample translation direction at the surface 

of NP-polymer blend film. This drives simultaneous phase separation and NP-domain elongation. 

As the confined blend films is subjected to temperature rise and fall centered around Tmax, the 

shear stress increases and decreases accordingly, composing an oscillatory shear cycle. The shear 
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rate (��) variation induced by shear stress (τ) change is dependent on the thermal gradient field, 

which is controlled and same for all the blend films in the current study. However, the final 

blend film morphology can be effectively tuned by changing the sample translation speed (v) 

utilizing the synergistic interaction between phase separation kinetics and the oscillatory shear 

rate (��). 

The influence of translation speed v during DZA-SS process on final phase-separated 

morphology of 20% AuPS/PMMA blend films is demonstrated in Figure 4a. Clearly, the AuPS 

domain deformation is enhanced in the soft-shear direction as v increases from 1 µm/s to 60 µm/s. 

At a low translation speed of 1µm/s, the circular AuPS domains were slightly deformed with an 

average aspect ratio (AR) of 1.43 (Table 1), with no spatial distribution preference of the 

nanoparticle domains. The domain shapes and in-plane arrangement was almost the same as in 

the vacuum oven annealed case (Figure 1). As v is increased to 20 µm/s, the average AuPS 

domain size decreased slightly (S ≈ 0.053 µm
2
) and the elongation of nanoparticle domains 

became more pronounced with AR = 2.5. Interestingly, the AuPS domains were lined up in soft-

shear direction, forming a “necklace-like” structure. Further increase in speed (v = 40 µm/s and 

60 µm/s) resulted in coexistence of small discrete drops (S ≈ 0.02 µm
2
) and highly elongated 

nanoparticle domains in soft-shear direction. This extremely elongated morphology under high 

shear rate is referred to as “strings”. 
22

 The domains are also roughly aligned in straight lines on 

average, suggestive of a minimization of their friction/hydrodynamic interactions between 

domains. In all above cases, the initial high dispersion of nanoparticles retained after the DZA-

SS process (Figure 4b). Previous studies have shown formation of necklace of particles in 

viscoelastic fluid under shear flow, which was attributed to normal stress effects. 
23,24

 Particle 

alignment was generated at low volume factions, indicating enhanced hydrodynamic interactions 
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in viscoelastic fluid. For Newtonian polymer blends, Migler et al.
25

 also reported a “necklace” 

structure during a droplet-string morphology transition. Aligning of the phase-separated polymer 

blend domains was observed when the droplet size was comparable to the gap width between the 

shearing surfaces. They associated this “necklace” structure, similar to the current morphology at 

v = 20 µm/s, to a distortion of the velocity field in the presence of the walls.  By comparison, 

binary polymer blend films (20% PS/PMMA) were also subjected to soft-shear dynamic zone 

annealing (DZA-SS) under the same conditions (T max ≈ 180 °C, at v = 1, 20 and 60 µm/s). Figure 

5 displays the AFM height images of the PS/PMMA blend films upon shear annealing by DZA-

SS process. The PS phase was selectively removed by immersion into cyclohexane to enhance 

the contrast between the PS and PMMA phases. Similar to 20% AuPS/PMMA blend films, the 

binary polymer blends demonstrated a morphology transition from weakly deformed droplets, to 

“necklace-like” pattern of squashed domains, to highly elongated “strings” in the soft-shear 

direction as the translation speed increased.  

To quantitatively compare soft-shear effect on NP-polymer and binary polymer blend 

films, the average domain aspect ratio (AR), domain size (S), and “string” width (W) were 

calculated by binarizing the TEM or AFM images, as listed in Table 1. At low translation speed 

range (v = 1 and 20 µm/s), the discrete domains were squashed and AR increased with increasing 

speed. The deformation trend is more pronounced for NP-polymer blends. The average domain 

size and string width in AuPS/PMMA blends were significantly smaller than that in PS/PMMA 

blends, which might be attributed to higher viscosity and surface tension modification due to the 

presence of multiple PS chains surrounding an Au core. Assuming the discrete elongated 

domains are ellipse-shaped, the average minor axis dimension (b) perpendicular to soft-shear 

direction can be extracted from S values and thereby also obtain the average domain widths (W = 
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2b). The correlation between W and translation speed is displayed in Figure 6 for 20% 

AuPS/PMMA and 20% PS/PMMA blend films. Generally, the average domain width decreases 

as the speed increases and the larger PS domain width at low speed gradually converges with the 

AuPS domain width at higher speed. In addition, the domain width distribution becomes 

narrower as v increases. Furthermore, soft-shear imposes a certain length scale on the highly 

stretched structure in shear direction, which is the characteristic inter-domain spacing (L*).
21

 The 

translation speed dependence of phase-separated morphology coarsening is quantitatively 

analyzed by 2D Fourier transformation (FFT) of TEM and AFM images. The characteristic inter-

domain spacing (L*) is determined from the maximum intensity wavenumber of the radial power 

spectrum. For both blends systems, increase in speed induced decrease in L* because the 

equivalent annealing time above Tg is shortened (Figure 6). In accord with the domain width 

transition trends, AuPS/PMMA blend films show a shallower decrease to almost constant value 

of L*, in contrast to the steep decline in PS/PMMA blend films as v increases.  

To rationalize the soft-shear induced domain deformation transitions, the maximum shear 

rate (�����) during one oscillatory shear period in DZA-SS process is estimated by ����� = τmax / 

ηm, where τmax is the maximum shear stress and ηm is the viscosity of polymer matrix (i.e. 

PMMA). The maximum shear stress (τmax) induced by thermal expansion mismatch of PDMS 

layer and polymer blend films has been previously estimated as τmax ≈ 12 ×10
4
 Pa based on the 

equation τmax = GPDMS  × ε, where GPDMS is the shear modulus of PDMS and is ε is the maximum 

strain.
17

 In the current blends systems, the molecular weights of PS ligands (Mn = 11.5 kg/mol) 

and PMMA matrix chains (Mn = 3.1 kg/mol) are lower than the entanglement molecular weights, 

respectively. 
26,27

 Consequently, the viscosities can be evaluated by zero shear rate viscosity, 

where ηPS (11.5k) ≈ 210 Pa‧s and ηPMMA (3.1k) ≈ 2680 Pa‧s at 180 
o
C. 

27,28
 Assuming the viscous 
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behavior of the blends is mainly responsible by the continuous matrix phase,
29

 the maximum 

shear rate ����� = τmax / ηPMMA ≈ 45 s
-1

. When bulk immiscible blends are placed in a shear flow 

field, the deformation of the droplets is determined by the competition between interfacial 

tension (σ) and viscous shear stress (τ).
30

 The interfacial tension tends to maintain spherical 

shaped droplets while shear stress exposes deformation trend in shear direction. The relative 

effect of viscous shear stress and interfacial tension is described by Capillary number, Ca = ηm 

��R/ σ, where ηm, �� , R, and σ denote matrix viscosity, shear rate, droplet radius, and interfacial 

tension, respectively.
31

 When Ca exceeds critical Capillary number (Cacr), the droplets become 

unstable and break up, and the critical stable droplet radius is determined to be R* = ηm ��  / Cacr 

σ.
32

 For the current PS/PMMA blends, the viscosity ratio of dispersed phase to matrix phase is 

ηPS(11.5k) / ηPMMA(3.1k) ≈ 0.078, and thus the critical Capillary number is estimated to be Cacr ≈ 0.67. 

31
 Based on ηPMMA (3.1k) ≈ 2680 Pa

.
s, ����� ≈ 45 s

-1 
and σ PS/PMMA = 1.26 mJ/m

2
 at 180 

o
C, 

33
 the 

corresponding critical droplet radius is estimated to be R* ≈ 7 nm. However, the observed 

average elongated domain width is substantially larger than 2R* (Figure 6). This discrepancy 

(stabilization of strings) is attributed to both shear flow and finite size effect. In the presence of 

shear flow, the varicose fluctuations of the elongated droplets can be convected away, thus 

suppressing the pressure differences and preventing Rayleigh instability growth.
34

 Furthermore, 

thin film geometry also facilitates the formation of remarkably elongated “strings”. Because the 

in-plane width of the elongated domains is larger than the film thickness (~ 90 nm), the 3D 

configuration of the domains is non-axisymmetric “ribbon-like” instead of axisymmetric “string-

like”. The varicose fluctuations induce non-axisymmetric sinusoidal thread configuration, which 

requires a higher wavelength distortion in order to generate a net decrease in surface area.
35
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Consequently, the highly elongated “ribbon” domains are stable with respect to capillary 

instability. 

The above discussion only considered the influence of maximum shear rate (�����) during 

DZA-SS process. However, the final microstructures of the blend films is not determined only by 

�����, but also the full shear rate profile since the shear rate varies as temperature changes across 

the entire thermal gradient profile. Above Tg, the shear rate increases and decreases as 

temperature rises and falls, centered around Tmax in response to the expansion and contraction of 

the PDMS capping layer.
17

 The final morphology of AuPS or PS domains is determined by the 

integrated shear rate over one oscillatory DZA-SS shear cycle, which is correlated to the 

translation speed v. If the translation speed is sufficiently low (e.g. v = 20 µm/s), the phase 

separated domains will deform accordingly as the shear rate increases followed by a symmetric 

decrease, and after a shear cycle, slightly elongated domain morphology is observed. Upon 

increasing translation speed (e.g. v = 60 µm/s), the final morphology is reflective of a higher 

overall “effective” shear rate since the elongated structures get frozen as the blend film rapidly 

traverses the thermal profile. Further increase in translation speed may even generate less 

deformed structures as the blend systems cannot adjust the phase organization kinetics as fast as 

the shear rate variation. We then conclude that the variation of translation speed of the DZA-SS 

process can influence the “effective shear rate” (	���) at the blend film surfaces and thus the 

phase-separated morphologies. While mainly a conceptual concept, the effective shear rate is 

essentially the determinant shear rate for the final observed morphologies over the course of the 

oscillatory shear cycle. The increase of translation speed from 1 µm/s to 60 µm/s induces a 

droplet- to-string transition for 20% AuPS/PMMA blend films confirming an increase of	��� with 

DZA-SS speed. To gain further insights of how higher NP blend composition may be amenable 
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to such anisotropic sheared morphologies, DZA-SS processed 50% AuPS/PMMA blend films 

are investigated as a function of translation speed (varying effective shear rate). As shown in 

Figure 7a, 50% loading of nanoparticles relative to PMMA weight resulted in spinodal 

decomposition structures upon vacuum oven annealing at 180 
o
C for 16 h. The application of 

soft-shear then generated deformed spinodal structures as shown in Figure 7b. As v increased 

from 20 µm/s to 60 µm/s, the AuPS domains evolved into drastically elongated strings, 

indicating increasing 	���  with increasing translation speed. Simultaneously, the characteristic 

inter-domain spacing L* decreased from ~ 1164 nm to ~ 332 nm. As v was raised to 120 µm/s 

and then to 140 µm/s, the unidirectional aligned structures were distorted again accompanied 

with increase in inter-domain spacing (L* ≈ 703 nm at v = 120 µm/s). This initially enhanced and 

then suppressed elongation of AuPS domains implies an increase followed by a decrease in 

effective shear rate. Furthermore, clearly, the effective shear rate variation dominates the phase 

separation scale instead of the corresponding annealing time, where higher 	��� induced smaller 

inter-domain spacing L*.
21

 

Conclusions 

In summary, we studied simultaneous phase separation structure formation and 

deformation of a novel binary blend thin film system composed of AuPS nanoparticles and 

PMMA matrix under dynamic thermal gradient field induced soft-shear (DZA-SS). Progressive 

elongation of AuPS domains was achieved by adjusting the translation speed (v) and the 

correlation between translation speed, the effective shear rate determinant factor and the final 

blend film morphology was established. Remarkably unidirectional aligned nanoparticle strings 

were fabricated with the presence of soft-shear in confined thin film geometry. This soft-shear 
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directed nanoparticle assembly strategy can be easily adapted to other NP-polymer blend systems 

with roll-to-roll compatibility for production scale-up. 

Methods  

Poly (methyl methacrylate) (PMMA, Mn = 3.1 kg/mol, polydispersity=1.09) and 

polystyrene (PS, Mn = 11.5 kg/mol, polydispersity = 1.25) were purchased from Polymer Source 

Inc. and used as obtained. The thiol-polystyrene (PS-SH) grafted gold nanoparticles (AuPS) were 

synthesized by phase transfer reduction of [AuCl
4
] in the presence of thiol ligands.

36
 The average 

radius of gold core R0 = 1.21 nm ± 0.42 nm. PS grafting density is 0.7 / nm
2
. The thickness of the 

PS brush layer (Mn = 11.5 kg / mol) is Rn = 2.7 nm, calculated from interparticle distance 

assuming that the AuPS nanoparticles are closely packed. PMMA solutions (3 wt% in toluene) 

were admixed with appropriate amount of AuPS nanoparticles to generate blend solutions where 

the weight ratio of AuPS to PMMA is 20 % and 50 %. Separately, PS and PMMA solutions 

(both 3 wt% in toluene) were mixed together to generate 20% PS/PMMA solutions. The 

AuPS/PMMA and PS/PMMA solutions were flow coated into thin films on quartz substrates 

(G.M. Associates, Inc.). The quartz substrates were exposed to 1 h of ultraviolet-zone (UVO) 

treatment before flow coating. The film thickness (≈ 90 nm) was measured by interferometer (F-

20 UV Thin Film Analyzer, Filmetrics, Inc.). AuPS/PMMA and PS/PMMA blend films were 

vacuum oven annealed at 50 °C for 6 h to remove residual solvent before further vacuum 

annealing or soft-shear dynamic zone annealing (DZA-SS). Upon vacuum oven annealing at 180 

o
C for 16 h, AuPS nanoparticles experienced subtle size increase (R0 = 1.35 nm ± 0.48 nm) due 

to thermally instability of the thiol-Au bond.
18,37

 

Sylgard-184, a two-part thermocurable poly (dimethyl siloxane) (PDMS) elastomer (Dow 

Corning Corp.), was used to make PDMS capping layer. A mixture of PDMS elastomer and 
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curing agent in 20:1 weight ratio was poured on glass slides and cured at 120 
o
C for 6 h. PDMS 

was then peeled off the glass slide to obtain ~0.5 mm thick smooth films. Shear stress was 

applied to the blend film surface by soft-shear dynamic zone annealing (DZA-SS) with T max ≈ 

180 °C at various translation speeds (v = 1, 20, 60, 120 and 140 µm/s). The procedure for DZA-

SS experiments has been explained in detail in our previous papers.
17,38

 After thermal annealing, 

the PDMS capping layer was removed and the blend film was further characterized. The 

nanoparticle distribution in these blend films were characterized with a JEOL JEM-1230 

transmission electron microscopy (TEM) at 200 kV.  Specimens for TEM were prepared by pre-

coating a thin layer (≈ 10 nm) of aqueous poly(4-styrenesulfonic acid) (PSS; Sigma–Aldrich) 

solution on to the substrates prior to flow coating the blend films, annealing the multilayer films, 

and then floating the films by immersing into distilled water followed by transferring to copper 

grids. The surface topography of these blend films was imaged using a Dimension Icon atomic 

force microscope (AFM) (Bruker AXS) in tapping mode. Some of the annealed PS/PMMA blend 

films were immersed into cyclohexane for 30 min at room temperature to selectively remove the 

PS-rich domains. 
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Figure 1. Top-view TEM micrographs of (a) as cast 20% AuPS/PMMA blend films and (b) 

phase-separated 20% AuPS/PMMA blend films after thermal annealing at 180 
o
C for 16 h. The 

dark circular domains are AuPS-rich domains while the light continuous phase is composed of 

PMMA.  
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Figure 2. Comparison of 20% AuPS/PMMA (a, b) and 20% PS/PMMA (c,d) blend film phase-

separated morphologies after thermal annealing at 180 
o
C for 16 h. (a) and (c) are AFM height 

images; (c) and (d) are corresponding AFM phase images.  
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Figure 3. Schematic of soft-shear dynamic zone annealing (DZA-SS) process to generate 

unidirectional aligned elongated AuPS nanoparticle domain structures.  
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Figure 4. (a) Top-view TEM micrographs for DZA-SS induced morphologies of 20% 

AuPS/PMMA blend films processed at v = 1, 20, 40 and 60 µm/s. Arrow direction denotes soft-

shear direction. The right corner insets are corresponding FFT images. (b) Zoom-in TEM 

micrographs of 20% AuPS/PMMA films processed at v = 1 and 20 µm/s. 
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Figure 5. AFM height images for DZA-SS induced morphologies of 20% PS/PMMA blend films 

processed at v = 1, 20 and 60 µm/s. Arrow direction denotes soft-shear direction.  

 

 

 

Table 1. Geometric characteristics comparison of DZA-SS processed blend films. 

  Characteristics                    AR                    S (µm
2
)    W (nm) 

 v  (µm/s) 1 20 1 20 60 

20% AuPS/PMMA 1.43 ± 0.36 3.06 ± 1.11 0.064 ±0.041 0.053 ± 0.033 114 ± 16 

20% PS/PMMA 1.72 ± 0.66 2.03 ± 0.84 0.79 ± 0.45 0.15 ± 0.10 161 ± 46 
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Figure 6. DZA-SS translation speed dependence of average domain width (W) orthogonal to soft-

shear direction and characteristic inter-domain spacing (L*) for 20% AuPS/PMMA and 20% 

PS/PMMA blend films.  
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Figure 7. (a) Top-view TEM micrographs for as cast (left) and thermal annealed 50% 

AuPS/PMMA blend films at 180 
o
C for 16 h (right). (b) DZA-SS induced morphologies of 50% 

AuPS/PMMA blend films at v = 20, 60, 120 and 140 µm/s. Arrow direction denotes soft-shear 

direction. The upper corner insets are corresponding FFT images.  
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