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Abstract 

We systematically vary the nanoparticle (NP) dispersion in composites formed by mixing 

polyisoprene homopolymers with polyisoprene grafted silica particles, and demonstrate how creep 

measurements allow us to overcome the limitations of small amplitude oscillatory shear (SAOS) 

experiments to access nearly 13 orders in time in the mechanical response of the resulting 

composites. We find that a specific NP morphology, a percolating particle network achieved at 

intermediate graft densities, significantly reinforces the system and has a lower NP percolation 

loading threshold relative to other morphologies. These important effects of morphology only 

become apparent when we combine creep measurements with SAOS reemphasizing the role of 

synergistically combining methods to access the mechanical properties of polymer 

nanocomposites. 
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Elastomers reinforced with nanoparticles (NPs) are important to many technologies, most 

prominently in improving the energy efficiency of tire technologies.1, 2 Typically hydrophilic NPs 

aggregate in a hydrophobic polymer, thus making it difficult to control their spatial dispersion in 

a polymer matrix.3 Previously, several solutions have been proposed to address this issue in the 

context of elastomers, including the use of coupling agents, coating agents and functionalized 

polymers chains.4-8 Such in situ approaches are strongly limited by the reaction kinetics of chains 

being bonded to the NP surfaces.9 In contrast, pregrafting polymers on the NPs helps to optimize 

and control dispersion by the use of parameters such as the graft density and the ratio of graft to 

matrix chain length.10-13 These situations leverage the surfactancy of hydrophilic NPs being grafted 

with hydrophobic chains to assemble them into a variety of superstructures. In particular, Kumar 

et al. used a compilation of experiments and numerical simulations on conventional polymers 

(PS,PMMA,PEO where the graft and matrix have the same chemical composition) to delineate 

regions in parameter space where well dispersed, phase separated, strings, connected sheets and 

small clusters form.14 Associated with these studies are experiments focused on understanding the 

effect of different dispersion states on mechanical properties. Nanoscale and macroscopic 

experiments show that a composite with percolating sheets of particles displays “gel-like” or solid-

like behavior at lower particle loadings than does a composite with uniform particle dispersion. In 

these cases we found additional reinforcements when such particle percolated structures were 

accompanied by sufficient entanglement between the graft chains on adjacent NPs. 15-17 

 

Much of the prior mechanical studies have been conducted through small amplitude oscillatory 

shear (SAOS), which is typically limited to a restricted frequency range and also the accompanying 

range of torques necessary. Thus, while the use of the time temperature superposition (TTS) 
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 4 

principle can expand the range of SAOS, we cannot really investigate the long time response for 

these composites especially in the limit of low moduli. To better understand the correlation 

between local structure and rheological behavior across a broad range of time scales, we need to 

expand the frequency range of our study – here we achieve this through the use of creep tests.18, 19 

Extending the studies to a longer time period will help us differentiate the performance of different 

morphologies over a wider frequency window and thereby provide additional insights to designing 

composites with desired properties. To better understand the reinforcement across different 

morphologies in filled elastomers, we ask two basic questions: (1) How are the prior findings 

relevant to commercially relevant elastomeric systems, where the graft and the matrix may not 

always have the same chemical (micro) structure? (2) Is the previous finding of improved 

reinforcement for percolated structures, found over limited moduli ranges, valid for more broad 

ranges of properties? The second question can be asked in more specific ways as (a) at a particular 

NP loading, do the percolated structures display improved reinforcement over the entire frequency 

range? and (b) Is there a threshold in the time/frequency scale beyond which the reinforcement 

decays and the different morphologies behave more similarly? Answering these questions will 

further provide insight into how these morphologies yield mechanical reinforcement, presumably 

through the mechanism of percolation.  

 

In this work, we investigate the rheological response of different morphologies of polyisoprene 

nanocomposites using a combination of SAOS and creep measurements.18 Polyisoprene grafted 

silica of different graft densities and chain lengths dispersed in industrial polyisoprene matrix are 

investigated, Table 1 [see Supporting Information].13, 20  
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Table 1: Polyisoprene Grafting Parameters 

Sample Graft chain 

length(N) 

(kDa) 

Grafting density 

(𝜎) 

(chains/nm
2
) 

P/N 

1/𝛼 

 

𝜒 

WD 38 0.25 0.9 1.01 

CN 20 0.15 1.8 0.82 

S 32 0.035 1.1 0.23 

 

Previous work has established that slight 

mismatches in the microstructure of the 

graft PI and matrix PI chains do not 

qualitatively affect the morphologies 

expected following Figure 1, which was 

derived for  case where the graft and 

matrix chains are of the same 

microstructure.9, 10, 21 To re-verify these 

ideas we studied the NP dispersion in 

three systems lying in different regions of 

the morphology diagram, depending on 

their graft density, ratio of the matrix and 

graft chain length, using TEM and SAXS, Figure 1 and Figure 2. The samples lie, respectively, (i) 

well within the well dispersed region (dark blue, short grafted chains and moderately high grafting 

density), (ii) the boundary of the sheet forming region (light blue, short grafted chains and 

moderate grafted density), and (iii) into the sheet forming region (yellow, short grafted chains and 

 
Figure 1. Morphology diagram of polymer grafted 

nanoparticles in a polymer matrix, borrowed from 

Kumar et al (WD: well dispersed, PS: phase separated, 

S: strings, CS: connected sheets, SC: small clusters) [R]. 

The y and x axis represent spherical brush overcrowding 

parameter (𝑋) and the melt to brush chain length ratio 

(1/𝛼).  On the same plot we plot the different systems 

studied in this work: blue circle-well dispersed (WD), 

light blue-connected network (CN) and yellow-sheets 

(S). 
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 6 

low grafting density).9 As expected, the 

scattering pattern for the sample in the sheet 

forming region (yellow; S) shows a sharp 

upturn at the low-q with a 𝐼~𝑞−2 

dependence. Highly agglomerated sheet-

like structures can be observed in the 

corresponding TEM image. The dark blue 

sample shows uniform well dispersed (WD) 

particles, as expected. The sample on the 

boundary (light blue; CN) at intermediate 

graft density, although certainly containing 

agglomerated NPs, appears to be somewhere in between S and WD. SAXS shows scattering with 

a low-q scaling exponent of ≈ 1.5. Visually, the NP appear to form a percolated network structure, 

as seen in the TEM image.  

We first study the rheological behavior of these three nanocomposites in the linear regime using 

SAOS at temperatures between -50oC and 10oC. Testing at temperatures higher than 10oC is 

challenging due to decreasing torque, outside the limits of the rheometer. We could of course use 

larger plates but we are material limited. Instead, creep experiments were performed at 0oC for 

different stresses.22 The creep compliance data is converted to dynamic compliance and then to 

dynamic moduli by a Fourier transform, thus allowing us to extend our study to lower 

frequencies.23, 24 In the region of overlap, the converted moduli from creep and the master overlay 

created from oscillatory measurements superimposed perfectly, validating this method [see 

Supporting Information]. 

  

 
 

 
 

Figure 2. (A) SAXS for the three morphologies: WD 

(blue), CN (light blue) and S (yellow) at 5wt% NP 

loading. The parameters of each morphology is given in 

table 1, (B,C,D) Corresponding TEM images  

A 

B C D 
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 7 

 

 

 

SAOS determined viscoelastic mastercurves in the linear regime (storage, 𝐺′, and loss modulus, 𝐺", 

plotted against reduced angular frequency aTω) were obtained using TTS at each NP loading and 

morphology (Figure 3).25-27 As expected, we observe a liquid to solid transition, as evidenced by 

a 𝐺′ plateau at low frequencies, with increased NP loading for each of the different morphologies.17 

This increase is typically attributed to NP-driven reinforcement due to the formation of connected 

NP networks beyond a percolation threshold.5, 11, 15, 28-33  

 

Figure 3. (A,B,C) Storage (𝐺′) and loss (𝐺”)  modulus for 5wt%, 8wt% and 15wt%  NP loading in the 

nanocomposites, respectively. The different colors correspond to the three morphologies: WD (blue), CN 

(light blue) and S (yellow). 

 

At 5wt% NP loading we observe a hint of a reinforcing plateau for CN but all the three samples 

clearly display liquid like behavior and appear to be below the percolation threshold. At lower 

loadings, the intermediate frequency entanglement plateau modulus of pure polyisoprene is 

unaffected, while a clear increase at 15wt% NP loading reflects the reinforcing action of NPs.28 A 

strong entanglement plateau is not observed, presumably because the number of entanglements 

per chain is low.34 The high frequency moduli appears unaffected with particle loading.  

 

A B C 
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 8 

Comparing the reinforcement across the three morphologies, we observe that while the WD sample 

shows poor reinforcement there is no significant difference between CN and S. Since the SAOS 

measurements are not particularly illuminating, we expand the time/modulus scale of our study 

through creep tests.18, 19 For the neat sample a constant slope of one on a log-log plot of creep 

compliance as a function of time indicates that steady state is achieved, Figure 4a. With the 

addition of particles, we observe a decrease in slope and reduced creep compliance values at long 

creep times.35 At 5wt% NP loading, while S and WD samples still show flow like properties, CN 

reaches a compliance plateau.  

 

 

Figure 4. (A) Creep compliance for WD (blue), CN (light blue) and S (yellow) at 5% NP loading, (B) 

Storage (𝐺′) and loss (𝐺”) modulus from SAOS (symbols) and creep (lines). 

 

A 

B 
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 9 

The linear responses derived by combining data from SAOS and creep are shown in Figure 4b. 

We now observe more dramatic mechanical property differences between the three morphologies. 

The neat polymer is a viscoelastic liquid, exhibiting a terminal flow regime scaling of 𝐺′ ∝ 𝜔2 

and 𝐺” ∝ 𝜔.25 The rheological response of the WD sample from creep measurements is in line 

with the SAOS experiments; this material also behaves akin to a viscoelastic liquid. For the S 

sample, on the other hand, the storage (𝐺′) and loss (𝐺”) modulus curves appear to be parallel to 

each other, implying that the sample is close to its percolation threshold at 5wt% NP loading.36, 37 

At low frequencies there appears to be a weak plateau with a 𝐺𝑒𝑞  value of 0.3Pa. It is difficult to 

measure such low modulus values from SAOS alone. The CN sample, on the other hand, shows a 

reinforced equilibrium shear modulus plateau (𝐺𝑒𝑞); it does not flow even after shearing the sample 

for 90 hours. Thus, this material behaves like a (viscoelastic) solid, i.e., it is well above it 

percolation threshold at 5wt% loading of the NPs, with a defined 𝐺𝑒𝑞   value of 12Pa. (For reference 

Moll et al estimated this value as 8Pa by extrapolating SAOS measurements with larger plates.16)  

 

Prior work on the mechanical properties of nanocomposites shows that the appearance of a longer 

relaxation time at lower frequencies is more prominent for aggregated morphologies than well 

dispersed structures.11 Moll et al. compared the reinforcement across clusters, sheets and connected 

network structures and noticed a non-monotonic dependence of mechanical reinforcement with 

changing morphologies. As mentioned above only the connected network showed a hint of a low 

frequency plateau.16, 38 In a similar study, Akcora et al showed that percolating NP sheets displayed 

solid-like mechanical behavior at lower particle loadings than one with uniform particle dispersion 

at the same NP loading.15 Our results go beyond these past works by accessing lower frequencies 
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 10 

– thus, we can clearly enunciate the relationship between NP dispersion state and mechanical 

reinforcement. 

 

Our results show that maximum mechanical reinforcement occurs for the sample with intermediate 

grafting density, specifically the one lying at the boundary between regions with well dispersed, 

phase separated and sheets morphologies. This emphasizes our previous conclusion that the 

percolation of NPs is necessary for stress propagation and reinforcement. Mechanical 

reinforcement is thus driven by formation of a nanoparticle network, with the particles as the 

junction points and graft-graft entanglements as the elastically effective strands.16  

 
Figure 5. Cube root of  𝐺𝑒𝑞 for samples S (yellow) and CN (light blue) at different volume fractions of 

silica NP. The dotted lines are linear fits to the SAOS data to estimate the percolation threshold. 

 

The onset of the percolation threshold can be quantitatively evaluated by resorting to rubber 

elasticity theory. Mean field rubber elasticity theory suggests that 𝐺𝑒𝑞~(𝜑 − 𝜑𝑐)3.39 When we plot  

𝐺𝑒𝑞

1

3  versus the volume fraction of silica NPs, we can extrapolate 𝐺𝑒𝑞

1

3  down to zero to estimate the 

onset of gelation.17 If we take the 𝐺𝑒𝑞  values from SAOS alone, the onset of gelation is expected 

to be 2.1wt% (1.06 vol%) and 2.5wt% (1.1 vol%)  for CN and S, respectively, and the expected 
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 11 

value of 𝐺𝑒𝑞   for both of them is ~193Pa at 5wt% NP loading (Figure 5). The estimation of 𝐺𝑒𝑞  

and the subsequent prediction of the percolation threshold from SAOS alone disagrees with our 

findings from creep measurements. The extrapolated creep data at 5wt% suggests that not only do 

the different morphologies percolate at different NP loadings, but that the 𝐺𝑒𝑞 values of  CN and 

S at 5wt% are 12Pa and 0.3Pa, respectively (Figure 5). The CN sample percolates at the lowest 

NP loading followed by the S and then the WD samples. The estimate of the true percolation 

threshold requires us to get the correct estimate of 𝐺𝑒𝑞  at all particle loadings – this can be better 

achieved with creep than with the use of SAOS alone. Preliminary data for S at 8wt%  loading 

show a 𝐺𝑒𝑞  value of 356Pa instead of the 1640Pa suggested by SAOS alone (see Supporting 

Information). Longer tests are needed at higher loadings to correctly estimate the 𝐺𝑒𝑞  values. 

Currently, the challenges and uncertainties revolving around these long tests limit our study to 

lower particle loadings. 

 

In summary, creep measurements allow us (1) access frequencies beyond the resolution of SAOS, 

(2) access low plateau modulus values reliably, (3) reliably measure 𝐺𝑒𝑞  values, (4) correctly 

predict percolation thresholds and (5) understand the difference between morphologies across a 

broader time scale. This is particularly useful when sample degradation or decreasing torque limits 

our tests to lower temperatures. Furthermore, we have shown that the formation of percolated 

connected networks is critical to the mechanical reinforcement of elastomeric nanocomposites. 

Thus, we conclude that SAOS, particularly in combination with linear creep, provides a powerful 

tool to study the structural impact on the rheology for filled elastomers. Understanding the melt 

rheology of elastomers lays the groundwork to formulating crosslinked rubber materials with 

desired properties, a topic of great interest to the automotive industry. 
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Materials and method: 

Polymer was dissolved in THF at 5wt% and vortexed for two hours at room temperature. 

Polyisoprene grafted nanoparticles were added to the polymer solution at 5wt%, 8wt% and 15wt% 

of the nanoparticle core to the total mass. The resulting mixture was vortexed for 1 hour. Irganox 

was added at 0.5wt% of the polymer to prevent polymer degradation. The resulting solution was 

vortexed for another hour and then probe sonicated (24% of its maximum amplitude for 3 minutes, 

2 seconds pulse and 1 seconds stop). 

 

SAOS and creep measurements were carried out using DHR-3 rheometer (TA instruments). In 

both cases an 8mm plate-plate geometry was used. For SAOS, we performed frequency sweeps at 

temperatures between -50oC to 10oC. Amplitude sweep was performed at each temperature to 

locate the linear regime. For creep, measurements were carried out at 0oC for different stresses for 

over 50 hours to ensure the tests are performed in the linear regime. (see Supporting Information). 

Creep measurements consist of applying a constant stress, small enough to ensure linear 

viscoelasticity, for a given time.40 Taking into account small uncertainties in the rheological 

experiments (associated with NP loading), frequency sweeps were performed before creep tests. 

Each test was run on a newly loaded sample. The creep compliance curves at different stresses 

superimpose assuring linearity and tests were performed long enough to ensure that steady state is 

achieved. Compliance curves were subsequently inverted to obtain 𝐺′ and 𝐺" via a multimode 

Maxwell fit using the software NLReg based on a generalized Tikhonov regularization.23 The 

inverted creep was shifted to the reference temperature via time temperature superposition and 

combined with the mastercurves obtained from SAOS. Small angle x-ray scattering (SAXS) 
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 13 

measurements were done using a SAXSLab Ganesha with a Cu-K 𝛼 source (8.04 keV photon 

energy,1.5406 Å wavelength and beam size of 200𝜇𝑚 ×  200𝜇𝑚). 
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