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ABSTRACT: Nonlinear viscoelastic parameters obtained from the large amplitude oscillatory shear 

(LAOS) test have widely received attention in polymer nanocomposite (PNC) characterization. 

Previously, we reported that nonlinear parameters, Q0 and NLR (nonlinear-linear viscoelastic ratio) from 

FT-rheology, better-characterized filler dispersion in PNCs than the linear viscoelastic parameters of 

small amplitude oscillatory shear (SAOS) test and concluded that nonlinear parameters could detect 

interfacial area much more sensitively than linear parameters. [Macromolecules 2019, 52, 8604]. To 

confirm this, we systemically manipulated the clay dispersion states of polypropylene (PP)/clay PNCs 

in this study by applying an electric field (EF). An EF can easily manipulate the dispersion quality of 

clays, i.e., tactoid, intercalation, and exfoliation in a polymer matrix, by controlling the application time. 

The clay dispersion was examined using the rheological properties of SAOS and LAOS tests. The linear 

viscoelastic properties (|G*|) from the SAOS test increased monotonically with increasing clay content 

and EF application time. In contrast, the nonlinear rheological properties (Q0) by FT-rheology from the 

LAOS test exhibited more prominent and sensitive growth. When the concentration of clay increased 

without EF application (φ = 1,3, and 5wt%), |G*|(φ)/|G*|(PP) increased from 1 to 2.05 whereas 

Q0(φ)/Q0(PP) increased from 1 to 22.8. In 5wt% clay PNC, EF was applied in increments of 3,7,10,20, 

and 30min. With increasing EF application time, |G*|(5wt%)/|G*|(PP) increased from 1 to 3.24, while 

Q0(5wt%)/Q0(PP) increased significantly from 1 to 13,540.

KEYWORDS: polymer nanocomposite, filler dispersion, electric field, FT-rheology, large amplitude 

oscillatory shear (LAOS)
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1. INTRODUCTION

The interest in polymer composite materials has focused on the nanoscale since the Toyota research 

group synthesized polyamide 6 (PA6)/clay nanocomposite.1 Superior property enhancements in polymer 

nanocomposites (PNCs) could be achieved with less filler content than conventional polymer (micro-) 

composites, thanks to the larger surface area of nano-fillers. Hence, numerous studies have been 

conducted to develop PNC materials for filler dispersion enhancement. Several methods are derived 

mainly from the intercalation of polymers or pre-polymer from solution, in situ intercalative 

polymerization, and melt intercalation methods.2 The melt intercalation method, i.e., melt-compounding 

of a polymer matrix and filler, is mainly interested in the industrial as well as the academic with the 

advantage of solvent-free and mass-production.2

Measuring the filler dispersion in PNCs is challenging because of the complex internal structure. 

As thinner and finer particles are dispersed in a polymer matrix, the techniques for characterizing the 

filler dispersion must also be improved to understand and manage PNC materials. Therefore, various 

methods are used cooperatively to analyze the state of nanoparticle dispersions in a polymer matrix, e.g., 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction 

(XRD), mechanical tests, dielectric spectroscopy, and rheology. Among them, rheological 

measurements have been adopted widely to evaluate the filler dispersion in the melt state because of its 

high sensitivity to variations in the microstructure.3–11

A small amplitude oscillatory shear (SAOS) test is a rheological measurement used widely to 

indicate the morphological state of PNCs. The relevant parameters measured on a wide frequency range 

are used to understand PNCs. For example, the storage modulus (G’) represents morphological evolution 

by lowering the scaling behavior with an exponent (n) at the terminal region (G’ ~ ωn) corresponding to 

the low-frequency range.6 The exponent n decreases in low frequencies with filler dispersion 

enhancement. Lertwimolnun and Vergnes7 examined the morphological evolution of polypropylene 

(PP)/clay PNCs compatibilized by maleic anhydride-grafted polypropylene (MAPP), with G’(ω) and 

complex viscosity (|η*(ω)|). They exhibited that G’(ω) and |η*(ω)| are sensitive to a higher degree of 

clay exfoliation. The characteristic responses of SAOS parameters for morphological development were 
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attributed to the solid-like behavior in the low-frequency region, showing identical results. Although 

SAOS parameters are usually used to characterize the PNC morphology, they sometimes fail for the 

dispersion of nano-sphere particles in PNC.8,9,12,13 Kim et al.8 considered the morphological evaluation 

for PP/MAPP/clay and PP/silica PNCs, using n (G’(ω)) and |η*(ω)| in SAOS results. The SAOS 

parameter for PP/MAPP/clay PNCs agreed well with the TEM observations, whereas those for PP/silica 

PNCs did not agree. They questioned why the SAOS parameters do not reflect well the morphological 

information on the filler in PNCs. They suggested that the SAOS parameters include complex internal 

structure information originating from the filler-matrix and the filler and matrix itself in a complicated 

manner. Kim et al.8 used additional parameters to characterize the morphology of PP/silica PNCs, which 

were from Fourier transform (FT)-rheology, i.e., zero-strain nonlinearity Q0 suggested by Hyun and 

Wilhelm14 and nonlinear-linear viscoelastic ratio (NLR) suggested by Lim et al.15 These nonlinear 

rheological parameters showed more sensitive responses to the filler loading and dispersion 

enhancement for polycaprolactone PNCs.15 Kim et al.8 successfully determined the filler dispersion 

states of PP/silica PNCs and the PP/MAPP/clay using nonlinear parameters from the LAOS test. The 

actual morphology of PE/silica PNCs was not predicted using SAOS parameters, whereas the nonlinear 

parameters (Q0 and NLR from FT-rheology) predicted it well.9 They reported that growth in nonlinear 

parameters correlated with the interfacial area between the heterogeneous phases.8 Based on the above 

research, we may deduce that nonlinear parameters imply interfacial property quantitatively (i.e., the 

amount of interfacial area between complex components also can be considered as how much it 

disperses finely in PNCs).

We applied the electric field (EF) on PP/clay nanocomposite to confirm this. Kim et al.16 reported 

a method for improving clay dispersion in PP/clay PNCs on melt-state in a rheometer by applying EF. 

This experimental setup has the advantage of observing the development of clay dispersions directly by 

measuring the rheological properties.16–20 An EF can easily manipulate the dispersion quality of clays, 

i.e., tactoid (stacked clay platelets), intercalation (polymer chains between clay platelets), and 

exfoliation (single clay platelets) in a polymer matrix by controlling the application time,17–19 EF type,17–

19 and strength of the applied EF17,19,20. Therefore, electrically activated PP/Clay nanocomposite is an 
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excellent material system for studying the relationship between nonlinear viscoelastic parameters and 

dispersion quality. Because clay has a high aspect ratio (length/thickness > 100), the exfoliation hugely 

increases the interface between clay and polymer.

Therefore, in this study, we systemically manipulated the dispersion states of PP/clay PNCs 

using an EF application. The interface area between the clay and PP matrix can vary, even with the same 

clay content, owing to manipulated clay dispersion stated by EF application time. We correlated 

controlled clay dispersion states and nonlinear parameters (Q0 and NLR from FT-rheology).

2. EXPERIMENTAL

2.1. Materials. Homopolymer polypropylene (PP, grade: HP562T, Mw = 127,000 g/mol, Mn = 

13,000 g/mol, MI = 60 g/10min at 230 ℃ and 2.16 kg, ρ = 0.90 g/cm3) was provided by Polymirae 

(Republic of Korea). Dimethyl-hydrogenated tallow ammonium-modified montmorillonite (C20A, 

Cloisite 20A, ρ = 1.77 g/cm3) was a donation from BYK (Germany). Material information is summarized 

in Table S1.

2.2. Sample Preparation. All ingredients for compounding were dried in a vacuum oven at 

80 ℃ for 24 hours to eliminate the humidity. Melt compounding was performed in an intensive internal 

Haake mixer (Thermo Fisher Scientific Inc.) at 180 ℃ for 8 min at a rotor speed of 80 rpm after all 

ingredients-feeding. Clay was loaded at 1, 3, and 5 weight percentages (wt%) to each PP matrix, called 

PP/C20A1wt, PP/C20A3wt, and PP/C20A5wt, respectively. The electric field application period 

(minute) for PP/C20A is denoted behind each specimen, e.g., PP/C20A5wt 10min. All the specimens 

used are summarized in Table S2.

2.3. Rheological Measurements. All rheological properties were obtained using a strain-

controlled rheometer RMS-800 (Rheometrics Inc., USA). In addition, custom-made 25 mm parallel-

plate geometries were used to measure the rheological properties and apply the electric field (EF) to the 

PP/C20A PNCs in situ. EF is alternating current (AC)-type (strength of 1.0 kV/mm and frequency of 60 

Hz). The geometry consisted of two major parts: Insulating parts to be docked to the RMS-800 and 

conducting parts to be connected to the EF application equipment set up and melted PNCs (Figure 1a). 
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Figure 1b illustrates the mechanism of clay dispersion enhancement under EF application. EF was 

applied in the time sweep test to the PP/C20A PNCs between 25 mm parallel plates with a 1 mm gap 

using a function generator and a high voltage amplifier. Only AC was applied here because it was more 

effective on clay exfoliation than a direct current (DC) EF for the same experimental setup.17,18 EF 

application was accomplished using a Tektronix AFG 310 function generator and a Trek 677B high 

voltage amplifier and was monitored using a Tektronix TDS210 digital oscilloscope. The EF direction 

was perpendicular to the shear direction. More details on the mechanical setup are described in the initial 

investigations.16,19,20

The time sweep tests were conducted at a frequency of 1 rad/s and a strain amplitude of 0.03 

within the linear viscoelastic (LVE) region. At 5 min after running the time sweep test, EF was applied 

for varying application durations: 3, 7, 10, 20, and 30 min. Subsequently, frequency and strain sweep 

tests were conducted in series: A frequency range of 0.1–100 rad/s at a strain amplitude of 0.03 for the 

frequency sweep test and a strain amplitude range of 0.01–5.0 at a frequency of 1 rad/s for the strain 

sweep test. All rheological measurements were carried out at 170 ℃. Additionally, a frequency sweep 

test was done after sample loading and before the time sweep test (EF application) to check whether it 

melted well. The rheological experimental sequence is demonstrated in Figure S1.

The raw data strain and stress as a function of time were acquired from RMS800 to a computer 

using an analog-digital converting (ADC) card through Bayonet Neill-Concelman (BNC) cables. An 

ADC card was installed on a computer and recorded raw data with the LabView program (National 

Instruments, USA). More details about this setup were described by Kim et al.16 and Hyun et al.19

2.4. Morphological Characterizations. Cryo-ultra-microtome was performed using Leica EM 

UC7 (Leica Microsystems, Germany) at -140 ℃ for the TEM observation. The microtomed specimens 

were spread on a copper grid. The morphological observation was conducted using FEI Talos F200X 

(Thermo Fisher Scientific Inc., USA) at an accelerating voltage of 200 kV.
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Figure 1. (a) Illustration of the electric field (EF) application setup. (b) Schematic of clay dispersion 

enhancement in the PP matrix under AC type EF application.

3. RESULTS AND DISCUSSION

3.1. Electric Field Application to PP/C20A PNCs. The time sweep test was conducted at a 

frequency of 1 rad/s and a strain amplitude of 0.03 within the linear viscoelastic (LVE) region. After 5 

min, an AC EF was applied at 1 kV/mm strength and 60 Hz electric frequency for 3, 7, 10, 20, and 30 

min. The time sweep test results are shown in Figure 2a. The G’ and G” of PP/C20A5wt suddenly 

increased with time as soon as the EF was applied. The increases in G’ and G” were mitigated over the 

EF-applied time of 7 min, reaching a plateau. G’ showed more significant increases than G” for all EF-

subjected PP/C20A5wt PNCs. According to Kim et al.,16 the growth in G’ closely correlates with the 

Page 7 of 31

ACS Paragon Plus Environment

ACS Applied Polymer Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8

morphological evolution, which is the exfoliation and intercalation of clay.16 The detailed mechanism 

was revealed by dielectric relaxation analysis.17,18 The bound ions on the clay surface dissociated under 

the AC EF, causing charge imbalance of van der Waals attractions and electrostatic repulsion between 

the adjacent stacked clay particles. Once the electrostatic repulsive force exceeds the attractive van der 

Waals force between the adjacent stacked clay particles, they repel each other and remain durable by 

penetrating the PP chains.

As soon as EF disappeared, aligned (forcedly restricted) clay particles would be randomly 

(Figure S2). Slight decrease in G’ is explained by the disorder of individual particles (Figure S2). Under 

the electric field, clay particles aligned to the EF direction.17,18 This makes the modulus decrease slightly. 

Regarding the amount of clay in the PP matrix under EF application, a higher clay content resulted in a 

more dramatic rise in G’ (Figure 2b). This result can be explained by the total amount of clay exfoliation 

being limited by its original quantity when it reaches maximum efficiency. TEM observed the 

morphological evolution of PP/C20A PNCs to understand actual clay dispersion better.
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Figure 2. (a) Storage moduli (G’) and loss moduli (G”) of PP/C20A5wt on varying EF-applied time as 

a function of time. After starting the measurement, the AC EF was applied for 3, 7, 10, 20, or 30 min at 

5 min (300s) (arrows in the figure indicate EF-applied time). (b) Storage moduli normalized by the 

initial value of G’(t ≈ 0) for EF-applied time of 30 min at varying clay contents, 1, 3, and 5 wt%.

3.2. Morphological Observation for PP/C20A PNCs. Figure 3 presents TEM images of 

PP/C20A PNCs without EF application. Dispersed clay tactoids exhibited comparable dispersion states 

in the PP matrix without EF application (Figure 3). The agglomerates increased with increasing clay 

loading (1, 3, and 5 wt%) (Figure 3). On the other hand, it showed similar large agglomerate sizes 

regardless of the loading.
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Figure 3. TEM images of PP/C20A PNCs without EF application: (a) and (b) PP/C20A1wt, (c) and (d) 

PP/C20A3wt, and (e) and (f) PP/C20A5wt. The scale bars are located at the left-bottom side of each 

image.

To check the effect of EF application, we present the morphology of EF-applied PP/C20A 5wt 

PNCs with increasing EF application times (3, 7, 10, 20, and 30 min) in Figure 4. The clay tactoids 

became smaller after only 3 minutes of EF application (Figure 4a) than without EF (Figure 3e,f). Clay 

was dispersed finely with longer EF application times (Figure 4b–d). Clay tactoids were finely dispersed 

by EF application for more than 20min in Figure 4e (intercalation state); they were dispersed almost 

individually at 30 min in Figure 4f (exfoliation state). In the initial study of EF-activated PNCs,16 a 

similar system (comparable PP matrix and identical clay of equivalent loading) was subjected to 30min 

EF application and characterized by XRD and TEM. XRD revealed large-scale clay exfoliation by the 

disappearance of the d001 peak, supported by TEM. TEM can confirm clay dispersion. However, as TEM 

provides only qualitative information, we measured the rheological properties to obtain quantitative 

information about the clay dispersion.
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Figure 4. TEM images of PP/C20A5wt varying EF application time of (a) 3 min, (b) and (c) 7 min, (d) 

10 min, (e) 20 min, and (f) 30 min. The scale bars are located at the left-bottom side of each image.

3.3. SAOS Test for PP/C20A PNCs. The SAOS test was conducted immediately after aborting 

the EF application at the various EF-applied times, 3, 7, 10, 20, and 30 min. This test is used widely to 

characterize PNCs to the filler dispersion quantitatively.3–9 The SAOS results of PP/C20A5wt varying 

EF application time exhibited non-terminal behavior corresponding to the solid-like behavior induced 

by the filler loading and morphology evolution (Figure 5). The results for PP/C20A1wt and 

PP/C20A3wt are in Figure S3. It is observed in the low-frequency range prominently, reflected in SAOS 

parameters. Especially G’ and |η*(ω)| exhibited this solid-like behavior prominently. G’ lose its scaling 

behavior in a lower frequency range as n decreases from 2 to near zero with better clay dispersity. |η*(ω)| 

also reflected this solid-like behavior induced by solid particle loading.

The characteristic parameter n of SAOS was used to express the clay dispersion numerically. 
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The slope (n) of G’ in the terminal region, ranging in 0.1–0.5 rad/s, was calculated using the power-law 

form equation:

G’(ω) = kωn         (1)

where k is a fitting coefficient, and n is the exponent and corresponds to the slope in the plot of log G’ 

vs. log ω (Figure 5a). Table 1 lists the values from the equation fitting. PP usually showed the terminal 

behavior (n = 2) observed in homopolymers. n decreased somewhat with clay content up to 3 wt% (2 to 

1.64) and reduced more with 5 wt% of clay loading (n = 1.10), achieved by mechanical mixing and filler 

loading. With EF application, n lowered dramatically from 0.71 with 3 min of EF application time to n 

= 0.27 with 30 min of EF application. Furthermore, reciprocals of n for PP/C20A PNCs were calculated 

in Table 1 and plotted in Figure S4 for better comparison.

Figure 5. (a) Storage modulus and (b) complex viscosity of PP/C20A5wt with EF application time 

measured from 0.1 to 100 rad/s of the frequency at a strain amplitude of 0.03. G’(ω) and |η*(ω)| of PP 

and PP/C20A with 1, 3, and 5 wt% of clay without the EF application were plotted together. The storage 

modulus is fitted by eq 1 in (a). The fitted results were added to each data as a dot-line. Data were shifted 

by the factors noted in the figures.

Table 1. Fitted Slopes (n) of G’ in the Low-Frequency Range (0.1–0.5 rad/s) Using the Power-Law 

Equation (eq 1) for PP/C20A PNCs. And their reciprocals (1/n)
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Samples n [-] (eq 1) 1/n [-]

PP 2 0.50

PP/C20A 1wt NoEF 1.89 0.53

PP/C20A 3wt NoEF 1.64 0.61

PP/C20A 5wt NoEF 1.10 0.91

PP/C20A 5wt  3min 0.71 1.41

PP/C20A 5wt  7min 0.68 1.47

PP/C20A 5wt 10min 0.35 2.86

PP/C20A 5wt 20min 0.31 3.23

PP/C20A 5wt 30min 0.27 3.70

Both n and 1/n reflected the clay dispersion enhancement and furnishing quantitative 

assessments. Primarily, 1/n provides more intuitive insight into the morphological evolution of clay in 

the PP matrix and presents identical bias with clay dispersity, i.e., 1/n rises when the dispersity improves. 

Kim et al.8 studied clay dispersion in the PP/MAPP matrix using 1/n (instead of n) and compared it to 

clay dispersity. They observed the same trend for 1/n with clay dispersity, exhibiting higher values as 

their dispersion states are enhanced. In an additional application to a different PNC system, however, 

they failed to determine the dispersion state of the silica particles for PP/silica PNCs using the SAOS 

parameters.8 Several studies reported the same issues.9,12,13 These failures were usually noted for PNC 

containing spherical nanoparticles.

Recently, Hong et al.21 used non-equilibrium molecular dynamics simulations to examine the 

viscoelastic property enhancements in a SAOS test for PNCs at varying nanosheet contents implemented 

using beads. They suggested that the enhancement of the moduli should be elucidated because the solid-

like behaviors in PNCs at the terminal region could be attributed to the percolation network and the 

jamming of particles. According to their study, G’(ω) and G”(ω) increments were classified into three 

regimes according to the nanosheet contents, which are related to the Rouse dynamics, chain 

confinement, and percolation network. The polymer motion was hindered at lower nanosheet contents 

because of the interaction between the polymers and nanosheets, and the polymer chains commonly 
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followed the Rouse dynamics. As the nanosheet contents increased, the polymer chains were trapped 

between nanosheets, resulting in significant increases in G’ and G”. At higher nanosheet contents, a 

percolation network of nanosheets was formed, which increased G’ and G” further. In addition, the 

effect of the polymer-nanosheet interaction was examined. An attractive interaction resulted in better 

nanosheet dispersion and increases in G’ and G”. They offered more insight into the SAOS parameters 

of PNCs varying nanosheet filler contents and filler-polymer interaction to understand the moduli 

enhancement mechanisms. Although the SAOS parameters help lighten the morphological evolution 

regarding the filler dispersion in PNC, they are built too complicatedly from various contributions. Kim 

et al.8 reported that the failure is because the SAOS parameters are affected complicatedly by 

interactions induced by fillers, matrices, and each other.

On the other hand, there is a lack of understanding of how the SAOS parameters are comprised. 

In previous studies characterizing filler dispersion in PNCs, Kim et al.8,9 ascertained that the LAOS test 

is more valuable than the SAOS test. Morphological development (roughly increasing the interface area 

between polymer and filler) further increases LAOS parameters growth because the interfacial 

properties of heterogenous phases are reflected more in the LAOS parameters than SAOS 

parameters.8,9,15 LAOS test is also worth conducting to characterize the clay dispersion in PP/C20A 

PNCs.

3.4. LAOS Test for PP/C20A PNCs. After the SAOS test, a strain amplitude sweep test was 

performed in strain amplitudes ranging from 0.01 to 5.0 at a fixed frequency of 1 rad/s to investigate the 

morphological development of PP/C20A PNCs. The complex modulus (|G*|) and normalized |G*| (≡ 

|G*|(γ0)/|G*|(γ0 ≈ 0)) of PP/C20A PNCs and PP were plotted as a function of the strain amplitude in 

Figure 6 and Figure S5. PP/C20A PNCs without EF application showed increased modulus over the low 

strain amplitude range (Table S3) and earlier strain thinning behavior compared to neat PP on the clay 

loading (Figure 6a). It is well known as the Payne effect.22 With increasing EF-applied time, i.e., as the 

clay dispersion improved, |G*| in the small strain amplitude range increased further (Table S3), and the 

critical strain amplitude (roughly onset point of strain thinning) moved to a lower strain amplitude than 

Page 14 of 31

ACS Paragon Plus Environment

ACS Applied Polymer Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

PP/C20A5wt without EF application. As clay tactoids were dispersed finely with the EF-applied time, 

PP/C20A5wt PNCs under an EF exhibited a two-step strain thinning with a growing strain amplitude 

(Figure 6b). Kim et al.8 observed similar behavior for highly clay-exfoliated PP/MAPP/clay PNCs. They 

attributed this to the individual clay particles being close to each other. As a result, clay particles form 

interconnected structures like the “House of Cards.”8,23 As clay particles are finely dispersed, the linear 

region is reduced by non-sinusoidal stress responses under large deformation. Further characterization 

was introduced to analyze the nonlinear responses of PP/C20A PNCs.

Figure 6. (a) Complex moduli |G*| and (b) the normalized |G*| (= |G*|(γ0)/|G*|(γ0 ≈ 0)) of PP/C20A PNCs 

and PP as a function of the strain amplitude from 0.01 to 5.0 measured at a fixed frequency of 1 rad/s.
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Analyzing these distorted stress responses is the primary key in LAOS test. There are several 

methods to characterize the LAOS test results, which are four LAOS types of responses in G’(γ0) and 

G”(γ0),24,25 stress decomposition,26,27 Chebyshev polynomials,28 sequence of physical processes 

(SPP),29,30 and FT-rheology31–33. FT-rheology has been introduced extensively because weak signals of 

higher harmonics can be quantified readily. The third harmonic intensity divided by the first,31,32 i.e., 

I3/I1 = I3/1, is one of the primary parameters utilized in FT-rheology.

The raw stress data of the strain sweep test for PP/C20A PNCs were analyzed using FT-rheology. 

The third harmonic intensity (I3) in the FT spectrum is the most sensitive parameter to the stress curve 

distortion and emerges when the internal structure changes, i.e., in the nonlinear regime. The I3/1 is the 

most representative parameter and is used widely to characterize polymeric materials.15,19,34–48

Owing to the junction between conducting and insulation parts of custom-built geometries, the 

noise in I3/1 was more severe than that of the conventional geometries. The noise data at a small 

amplitude is not shown in Figure 7a and Figure S6. PP exhibited a quadratic relationship (I3/1 ~ γ0
2) with 

the strain amplitude, and it has been observed generally for a polymer melt.14,34–38,49 With clay loading, 

I3/1 emerged in the lower strain amplitude with higher values, agreeing with the strain thinning behavior 

(shortening of the linear regime). For 5 wt% of clay loading, I3/1 values were in the range between 4×10-3 

and 2.5×10-2 of the grey area in Figure 7a.

Furthermore, I3/1 emerged at a lower strain amplitude range with increasing EF-applied time but 

remained in the grey area (4×10-3 ~ 2.5×10-2 in Figure 7a). With increasing clay content and EF 

application duration, the I3/1 values of PP/C20A PNCs demonstrated their morphological development 

by appearing at lower strain amplitudes and increasing values. An additional nonlinear parameter was 

introduced to quantify the nonlinear behavior of PP/C20A PNCs and express the results more intuitively.

I3/1 depends quadratically on the medium amplitude oscillatory shear (MAOS) region between 

the SAOS and LAOS regions. It is a well-known relationship for polymer solutions50–52 and melts14,34–

38,49, PNCs,8,9,15,19,41,53 and polymer blends42–48,54. With the quadric relationship of I3/1 to strain amplitude, 

Hyun and Wilhelm14 proposed nonlinear parameters:

Page 16 of 31

ACS Paragon Plus Environment

ACS Applied Polymer Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

Q(γ0) [≡ I3/1/γ0
2] and Q0 [ 0

0 00
lim ( )Q Q





 ]         (2)

Nonlinear parameters were plotted in Figure 7b and Figure S7 and calculated in Table S3. The Q 

parameter of neat PP exhibited the lowest value due to the morphological homogeneity. From the clay 

loading, the Q of PP/C20A PNCs in the absence of an EF emerged at lower strain amplitude with a more 

considerable value (red-dot arrow in Figure 7b). In addition, Q of PP/C20A5wt with EF application 

developed at a lower strain amplitude with the highest value (green-dash arrow in Figure 7b). I3/1 also 

showed linear regime shortening for clay dispersion enhancement but exhibited a similar level (4×10-

3~2.5×10-2) in the grey area in Figure 7a. With clay dispersion enhancement, the internal structure of 

PP/C20A became complicated and easy to break down by smaller deformation, resulting in an increase 

in I3/1 value and a decrease in critical strain. On the other hand, I3/1 exhibited a limited value 

(approximately 2.5×10-2) even with further dispersion enhancement.

On the other hand, the Q parameter can involve this linear regime shortening and intensity 

increment together by its definition (Q(γ0) ≡ I3/1/γ0
2), and the Q0 parameter can quantify these together. 

The Q0 parameters were calculated using the model suggested by Lim et al.15:

3 22 ( 1)/
0 1 0(1 ( ) ) C CCQ Q C            (3)

where C1, C2, and C3 are fitting parameters. The clay dispersion was enhanced with increasing clay 

contents and EF application duration, and the I3/1 values increased and spread to the lower strain 

amplitude region. As a result, the Q0 parameter was amplified by the I3/1 increment and the onset at 

lower γ0. The clay loading to PP without EF application increased |G*| in Figure 6a and Q0 in Figure 7b 

to some extent (See Table S4: Q0(PP/C20A5wt)/Q0(PP) = 22.8 and |G*|(PP/C20A5wt)/|G*|(PP) = 2.05). 

Q0 exhibited significant increments with increasing EF-applied time for PP/C20A5wt (Figure 7b). 

Nonlinear parameter Q0 demonstrated a more prominent response to clay dispersion enhancement by 

EF than |G*|. The same tendency was observed in previous studies.8,9,15
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Figure 7. (a) Nonlinearities I3/1 and (b) Q of PP/C20A PNCs and PP as a function of strain amplitude 

(noise data in small strain amplitudes were deleted). The grey area in the figure of I3/1 was placed in I3/1 

values ranging from 0.004 to 0.025. The grey area in the figure of Q corresponds to that of I3/1.

3.5. Quantification of Clay Dispersion in PP/C20A PNCs. Q0 and |G*| normalized by each PP 

data were calculated to compare it quantitively (Table S4 and Figure S8). The increasing Q0 breadth was 

more prominent than in |G*| regarding clay-dispersion enhancement (Table S4 and Figure S8). These 

results concurred with the previous studies.8,9,15 G’ and |G*| of both tests showed relevant higher values 

at higher dispersion states. Both |G*| and Q0 parameters reflected clay dispersion enhancements well for 

PP/C20A PNCs. On the other hand, the change in Q0 showed more distinct variations for clay dispersion 

enhancement, e.g., Q0(PP/C20A5wt 30min)/Q0(PP) = 13,540 and |G*|(PP/C20A5wt 30min)/|G*|(PP) = 
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3.24 (Table S4).

Once the polymer matrix is filled with fillers, the modulus increases significantly in the small 

strain amplitude range (LVE regime). Simultaneously, the onset strain amplitude of the nonlinear regime 

decreases with more pronounced strain thinning under increasing oscillatory deformation, known as the 

Payne effect. The decrease in modulus with increasing strain amplitude was attributed to the breakdown 

of the physical filler-filler network structure. These nonlinear behaviors increased with increasing filler 

content and more vital interactions between fillers. Similarly, Lim et al.15 analyzed the PNCs by 

conducting the strain sweep test analyzed with FT-rheology and suggested a nonlinear parameter, 

nonlinear-linear viscoelastic ratio (NLR), to quantify the degree of dispersion for PNCs.

0

0
*

*

( )
(0)

( )
(0)

Q
QNLR

G
G




         (4)

where |G*| is the complex modulus measured in the SAOS region, φ is filler content, and 0 means the 

base polymer without a filler, here PP. The NLR parameter is defined as the ratio of nonlinear parameter 

increase with filler contents to that of the linear parameter. Lim et al.15 characterized polycaprolactone 

nanocomposites incorporating the inorganic filler (multi-walled carbon nanotubes, organo-clay, or 

precipitated calcium carbonate), using linear (G’ and |G*|) and nonlinear parameters from FT-rheology 

(NLR and Q0). According to them, the nonlinear properties were more sensitive to morphological 

developments by the filler contents than those of linear (SAOS parameters). Kim et al.8,9 used NLR to 

assess the filler dispersion in PNCs containing clay or silica particles and observed that NLR showed 

agreement with their morphology. For PNCs, including silica, NLR and Q0 coincided with their 

morphological evolution, whereas SAOS parameters failed.

The NLR parameters for PP/C20A PNCs were calculated (Table S4) and plotted in Figure 8. 

Obtaining high dispersion quality of clay in the PP matrix was difficult because of the lack of affinity 

between the two components. Clay tactoids sizes in TEM images of PP/C20A with 1, 3, and 5 wt% of 

clay were similar, and the tactoids were located just more frequently with clay contents (Figure 3). The 

NLR parameters increased monotonically with increasing clay content (Bottom line in Figure 8). The 
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clay tactoids were dispersed finely using EF application to PP/C20A PNCs (Figure 4). The interface 

between clay and PP tremendously increased by clay exfoliation owing to the high aspect ratio of a 

single clay particle (Figure 4). This was reflected in the NLR parameters by increasing EF-applied time 

and clay contents (Upper line in Figure 8). In addition, the trend of Q0 was strongly reflected in the NLR 

because the growth in normalized Q0 value is more prominent than normalized |G*| (see Table S4, 

Q0(PP/C20A5wt 30min)/Q0(PP) = 13,540 and |G*|(PP/C20A5wt 30min)/|G*|(PP) = 3.24).

The NLR parameters concerning filler dispersion in PNC and its relationship were examined 

using FT-rheology measurements for PP/C20A PNCs. The clay-polymer interface increased enormously 

because of the high aspect ratio of the clay particles. With the EF application time and clay amount, 

stacked clay agglomerates dispersed into a few clay platelets (see Figure 3 and Figure 4). Linear 

rheological measurements exhibited the same results as TEM observation. The lower slope n and higher 

1/n of G’ in the low-frequency range appeared in higher clay dispersion states (higher loading and longer 

EF application time). The NLR parameters also corresponded to the same order with designed PP/C20A 

PNCs, expressing higher values at highly dispersed clay in PP. The changes in nonlinear parameters 

would be strongly matched with the interfacial area between the matrix and filler as they were designed 

by EF application and clay contents.
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Figure 8. NLR values for PP/C20A PNCs as a function of C20A concentration. Effects of C20A loading 

(red-dot lower line for No EF) and EF application duration (blue-vertical arrows and green-dot upper 

line up to 30 min EF) on PP/C20A PNCs corresponding to each morphological development as a higher 

value at enhanced dispersity. The data used in the figure correspond with Table S4.

4. CONCLUSIONS

This study investigated rheological parameters from SAOS and LAOS tests for characterizing clay 

dispersion in polypropylene (PP) of polymer nanocomposites (PNCs). PP/clay PNC system was 

introduced to study the changes in the rheological properties of SAOS and LAOS on morphological 

evolution because clay affects the rheological properties sensitively by changing its internal structure 

variation. PP/C20A PNCs were subjected to the electric field (EF) application (AC type 1.0kV/mm and 

60Hz) on the melt state on a rheometer to fabricate the clay dispersion in the PP matrix. The EF 

application duration and the clay content manipulated clay dispersity. The clay dispersion was regarded 

as the interface area (intercalation and exfoliation) between clay and PP, achieved by mechanical mixing 

and EF application. The interface varied considerably on the difference in clay dispersion because of 

the large aspect ratio.
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SAOS parameters showed monotonic increases by the clay loading and EF application duration. 

In contrast, LAOS parameters showed more extreme responses with the clay content and EF application 

time to PP/C20A PNCs. When the concentration of clay increased without EF application (φ = 1,3, and 

5wt%), |G*|(φ)/|G*|(PP) increased from 1 to 2.05. I3/1 of PP/C20A PNCs showed higher values and 

emerged at lower strain amplitudes than PP. I3/1 of PP/C20A with EF application emerged at a lower 

strain amplitude range than PP/C20A without EF application but showed a similar level (0.004 to 0.025).

The Q parameter could consider the higher values in I3/1 and linear regime shortening (= critical 

strain amplitude decrement) by its definition (Q ≡ I3/1/γ0
2). The Q parameters displayed higher values at 

a lower strain amplitude strongly with increasing clay contents and EF application duration. Q0 

parameters were calculated to quantify these nonlinear behaviors and showed the same trend of the 

SAOS test; distinct higher values for higher dispersion states.

Q0(PP/C20A5wt)/Q0(PP) increased from 1 to 22.8. In 5wt% clay PNC, EF was applied in 

increments of 3,7,10,20, and 30min. With increasing EF application time up to 30min, |G*|(PP/C20A5wt 

30min)/|G*|(PP) increased from 1 to 3.24, while Q0(PP/C20A5wt 30min)/Q0(PP) increased significantly 

from 1 to 13,540. Nonlinear parameters Q and Q0 exhibited increased extremely with clay dispersion 

enhancement. It is owing to the definition of Q parameter (Q(γ0) ≡ I3/1/γ0
2). NLR was also used to 

quantify the degree of dispersion for PP/C20A PNCs compatibilized by EF application. The NLR 

parameters of PP/C20A PNCs increased slightly with increasing clay contents and soared vigorously 

with the EF application duration.

Though both SAOS and LAOS parameters demonstrated clay dispersion in PP/C20A PNCs, the 

LAOS parameters showed more variation for clay dispersion than SAOS parameters, resulting in distinct 

characterization for filler dispersion. As the clay dispersion from the tactoids to exfoliation states, 

Q0(φ)/Q0(PP) increased significantly from 1 to 13,540, while |G*|(φ)/|G*|(PP) increased from 1 to 3.24. 

Checking both methods is worthwhile; however, sensitive variations in LAOS for filler dispersion 

provide clearer insight between the comparable PNCs than in SAOS.
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