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Abstract: Polymer blending with co-continuous morphology has garnered the interest of many researchers, but corresponding rheological models are rarely presented. In this study, the dynamic rheological behavior of a blend of polypropylene (PP) and low-density polyethylene (LDPE) in the ratio of 50/50 wt% is investigated, and a rheological model suggested by Yu et al. is used to fit the dynamic modulus. The rheological measurement shows that at low frequency, pure PP has higher complex viscosity and dynamic modulus than LDPE. SEM images reveal that the morphology among the 40/60 and 60/40 blends is non-dispersive. The fitting results indicate that the data at low frequency are underestimated by Yu model with lower coefficient KC, while the data are well-fit by the model with enough KC. Furthermore, the coefficient KB has no obvious influence on the fitting since B type structure in the original Yu model has a very weak contribution to dynamic modulus when orientation and distortion of the cylinders standing for the co-continuous structure cannot be neglected. The key coefficients in Yu model are KC and the characteristic length lc, while the co-efficient KB can be neglected. Thus, a simplified form of the model is suggested to predict the rheological dynamic modulus data for the PP/LDPE blending melt.
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Nomenclature



	G′
	Storage modulus



	α
	Interfacial tension



	Sv
	Specific area



	lc
	Characteristic length of the co-continuous phase



	a
	Radius of the cylinder



	b
	Length of the cylinder



	a′
	Reduced length a′=a/lc of fluid Ⅰ



	b′
	Reduced length b′=b/lc of fluid Ⅱ



	f1, f2
	Parameters associated with p



	p
	Viscosity ratio of fluid Ⅰ to fluid Ⅱ



	ω
	Angular frequency



	ηm
	Matrix’s viscosity



	τ
	Relaxation time of the matrix, τ = ηma/α



	ki
	Coefficients in Eq. (1)



	ϕ1
	Volume fraction of fluid Ⅰ, ϕ1=3a  ′2−2a  ′3



	G1∗
	Complex modulus of fluid Ⅰ in the ideal co-continuous morphology



	G2∗
	Complex modulus of fluid Ⅱ in the ideal co-continuous morphology



	Mw
	Mass average molar masses



	Mn
	Number average molar masses



	ψi
	Volume fraction of component i



	ηi
	Melt viscosity of component i





1  Introduction

Blending different polymers together is a common way to create new polymer materials. However, because of the large mass weight and complex interactions, most polymer blends have poor miscibility. Basically, there are two types of phase morphologies for binary blends, i.e., droplet morphology and co-continuous morphology, which depend on many factors, such as the volume ratio of the two components, interfacial tension, viscosity ratio, and blending conditions [1]. The co-continuous morphology is preferred over the droplet morphology because it enables the polymer blends to have more favorable properties [2–5].

Various rheological models have been studied to understand rheology of blends with droplet morphology, such as the Palierne model [6,7], Lee and Park model [8,9], and others [10]. However, developing rheological models for blending melt with co-continuous morphology is quite challenging due to difficulties including characterizing the morphology [11]. Even though advanced scientific technology has made it possible to characterize co-continuous morphology, it is still not easy to establish a rheological model that correlates rheology and morphology. Only a limited number of models have been suggested so far, such as the one proposed by Yu and his colleagues [12] based on a mechanical model presented by Veenstra and his team [13]. This rheological model can be expressed as follows:


G′=G components′+kC6αSV(kBkC+34f2ω2τ2f12+ω2τ2)(1)


f1=40(p+1)(2p+3)(19p+16),f2=52p+3(2)

The model parameters are listed in the nomenclature before the introduction. In this work, Eq. (1) is referred to as the Yu model. Fig. 1 illustrates the interface schematics of the ideal co-continuous morphology [12]. The co-continuous structure consists of multiple repeated elements shown in Fig. 1a. In oscillatory shear, there are three types of deformation depicted in Fig. 1b. The stress response in a particular flow field can be considered as the sum of the response of these cylinders. Type A has little contribution to the stress response of the blend as the area and orientation of the interface almost remain unchanged during shear flow. For type B, the interfacial tension has little contribution to this kind of deformation since the cross-section of the cylinder also remains unchanged. Only the tilt of the cylinder influences the stress response. For type C, the circular shape of the cylinder turns into an ellipse with a constant length. This deformation has a significant contribution to the stress as the interfacial area increases considerably. In Eq. (1), the coefficients are represented by ki, where the subscript B and C indicate the transformation of type B and type C structure, respectively, as shown in Fig. 1b.
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Figure 1: Schematics of an ideal co-continuous morphology in Yu model for (a) the interfacial contribution and (b) deformation of interfaces

In Eq. (1), the complex modulus of the co-continuous blends is


Gcomponents∗=a  ′2b ′G 1∗2+(a  ′3+2a ′b ′+b  ′3)G1∗G2∗+a ′b  ′2G 2∗2b ′G1∗+a ′G2∗(3)

Eq. (3) represents a symmetric expression for fluids I and II. The free parameter is lc, the characteristic length of the blend.

In a co-continuous morphology, the orientation of cylinders can be random. To account for the random orientation and possible distortion of continuous elements, coefficients KB and KC were introduced into Eq. (1) [12]. For isotropic blends, KB and KC should have the same order of magnitude, and KB/KC is about 1. However, for co-continuous blends under shear flow or compression-like flow, the B type structure will decrease, and KB/KC would be less than 1. According to the work of Yu and co-workers [12], Yu model can fit the data well for some blends, such as PS/POE (40/60, 50/50, and 60/40), PS/SAN (50/50), PS/PEO (50/50), PS/PMMA (35/65), and PLA/PCL (50/50).

In this work, the Yu model was utilized to fit the dynamic rheological data. Additionally, the coefficients were simplified and reduced to only one, resulting in a simplified Yu model.

2  Materials and Methods

2.1 Materials

Two different types of plastic, PP T30S and LDPE 2102TN26, were purchased from Dalian and Qilu Petro China, respectively. The melt flow rate (MFR) of PP and LDPE was measured at 230°C and 190°C, respectively, using a 2.16 kg weight. The density was measured at room temperature. The measured values are listed in Table 1.
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2.2 Preparation of Blends

PP and LDPE samples were dried using an electric blast drying oven at 80°C for 12 h. A high-speed mixer from Fuxin Light Industry Machinery Factory in Liaoning, China was then used to mix the PP/LDPE blend at a weight ratio of 50/50. To analyze the phase morphology, other weight ratios such as 30/70, 40/60, 60/40, and 70/30 were also prepared. The PP/LDPE blends were extruded using a co-rotating twin screw extruder from Rubber and Plastic Machinery Factory in Guangzhou, China at 210°C, and blended particles were obtained using a granulator. The blended samples were then dried at 85°C for 12 h using an electric blast drying oven. Sample disks with diameters of 25 mm were prepared for rheological measurement using a compression mold at 210°C and 10 MPa.

2.3 Measurement

Scanning electron microscope (SEM): The samples of PP/LDPE blends were brittlely fractured after being kept in liquid nitrogen for half an hour.

The weight ratios of the blends were 30/70, 40/60, 50/50, 60/40, and 70/30. Gold was sprayed on the cross sections of the samples and micrographs were taken using a scanning electron microscope (SEM) LE0438VP from Hitachi Co., Japan. The average size of the dispersed phase was calculated using Nano Measurer 1.2.0 software.

Rheological measurement: A rotational rheometer with a parallel-plates geometry manufactured by Anton Paar GmbH was employed to measure the dynamic rheological properties of the polymer samples. The parallel plates have a diameter of 25 mm with a gap of 1 mm between them. The angular frequency ranged from 0.028 to 300 rad/s at two different temperatures—210°C and 230°C. The samples were subjected to an applied strain of 4%, which was within the linear viscoelastic region determined through strain sweeping. Nitrogen gas was employed during the rheological measurement to prevent possible oxidation of the polymer samples at high temperatures. The samples were allowed to rest on the rheometer for 5 min to remove any thermal history before conducting the rheological measurement.

3  Results and Discussion

3.1 Morphology and Rheological Behavior of Polymer Blending Melt

Fig. 1 shows SEM images of the PP/LDPE blends. In the PP/LDPE (30/70) blend, dispersed morphology can be observed. PP and LDPE are the dispersed droplet and matrix, respectively. The condition for phase inversion can be expressed as follows [14]:


ψ1/ψ2=η1/η2(4)

where ψi and ηi represent the volume fraction and melt viscosity of component i, respectively.

At 210°C and 230°C, the ratio of ψ1/ψ2 (PP/LDPE) is 35/65 and 44/56, respectively, and the viscosity is zero shear one. Models that use the viscosity ratio approach face difficulties in predicting the phase inversion at low shear rates [15]. However, Wu’s work [15] shows that this model accurately predicted the phase inversion region at a shear rate of about 40 s−1. Similarly, in this work, the ratio of ψ1/ψ2 (PP/LDPE) at a shear rate of 40 s−1 is 48/52 and 51/49 at 210°C and 230°C, respectively, which corresponds to the phase inversion. The models predict that it is much more likely for the less viscous phase to be the continuous phase [16–18].

Figs. 2b–2d show the morphologies of the 40/60, 50/50, and 60/40 blends, respectively. These blends do not exhibit dispersed morphologies. It is difficult to confirm a distinct co-continuous morphology, as the optical contrast of PP and LDPE is not high enough. On the other hand, the 70/30 blend clearly shows a dispersed morphology, which is different from the 30/70 blend (Figs. 2a and 2e). In the 70/30 blend, LDPE is the dispersed phase, and PP is the matrix. The average diameter of the 30/70 blend and 70/30 blend is 0.57 and 0.55 µm, respectively.
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Figure 2: SEM images of a PP/LDPE blends

The storage modulus of the PP/LDPE binary blend shows an interesting trend as the LDPE content is varied. Initially, it increases with increasing LDPE content, reaching a peak at around 30%. After this point, it slowly drops until 70% of LDPE content is reached, beyond which it drops quickly. This trend suggests a phase inversion of the binary blend, which is consistent with the morphology shown in Fig. 3. It also implies a transition from dispersed to co-continuous morphology, as per studies [19,20].
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Figure 3: Storage modulus at 0.028 rad/s of PP/LDPE blends at 210°C and 230°C

Fig. 4 shows the dynamic rheological curves of the PP/LDPE (50/50) blend as well as neat polymers at 210°C and 230°C, respectively. It is obvious PP has higher viscosity than LDPE. In the PP/LDPE blend with a weight ratio of PP/LDPE less than 1, LDPE forms the continuous phase as it is less viscous than PP, which is the dispersed phase. The viscosity curve and loss modulus of the blend lie between the two components, but the storage modulus does not. At both temperatures, the storage modulus of the 50/50 blend shows a plateau at low frequencies, beyond those of PP and LDPE. This plateau occurs due to an increase in the interfacial area between the two phases, rather than the shape relaxation of the dispersed droplets [21]. A larger interfacial area results in a higher interfacial modulus [22], as more time is needed for the interface between the two phases to relax. This unique characteristic at low frequency invalidates the G-M model [23] and Palierne model [6], which only consider dispersed morphology. The 70/30 and 30/70 PP/LDPE blends have droplet morphology and do not show an elasticity plateau at low frequency, which is not shown in this work.
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Figure 4: (a) Complex viscosity, (b) storage modulus, and (c) loss modulus vs. angular frequency of PP/LDPE blends at 210°C
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Figure 5: (a) Complex viscosity, (b) storage modulus, and (c) loss modulus vs. angular frequency of PP/LDPE blends at 230°C

3.2 Model Fitting

Yu model (Eq. (1)) was used to fit the G′ data for the PP/LDPE (50/50) blend. According to [24], the interfacial tension of the blend is 0.214 mN/m at 210°C and 0.098 mN/m at 230°C. Yu model has two parameters: KB or KC and KB/KC. However, only KB/KC was shown in Yu’s fitting work. The value of KB or KC was not presented in the fitting. Although KB/KC may be small, KC may be very large! As explained earlier, the interfacial tension has little contribution to the B-type deformation. Only the tilt of the cylinder has an impact. On the other hand, C-type has a significant impact on the interfacial deformation of the blend due to the shape change of the cross-section of the cylinder. This work has been done to show their different influences in dynamic shear flow. If KB/KC = 0.1, KC should be much larger than KB. Fig. 6 exhibits the fitting curves at two temperatures. For the fixed KB/KC ratio and different KC values, the fitting results are different. Fig. 6a demonstrates that the larger the value of KC, the closer the fitting curve. However, when KC value is too low (0.07 and 0.7), the fitting curves are located below the data. Conversely, when KC value is large enough (7), Yu model fits the data well. However, if KC value is too high, the fitting curve will lay beyond the data (not shown in Fig. 6a). Fig. 6b shows the fitting curve for the data at 230°C. If KC value is lower than 8.3, the fitting curves will lay below the data. The fitting curve with KC value of 8.3 agrees well with the data. At the two temperatures shown, the characteristic length is 6 µm, and the KB/KC ratio is 0.1.
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Figure 6: Fit of the dynamic storage modulus data to Yu model with fixed KB/KC and various KC for the PP/LDPE blends, (a) 210°C, (b) 230°C

A further fitting was carried out with fixed KC and varying KB/KC ratios, as presented in Fig. 7. Fig. 7a indicates that if KC is low, adjusting the ratio or KB value, has no effect on the fitting outcome. The fitting curve at low frequency is below the data if KC is not enough. In fact, if KC is insufficient, the fitting curve falls below the data at low frequency, which means the model with low KC value underestimates the data. However, when KC is increased to a higher value, as demonstrated in Fig. 7b, the KB/KC ratio or KB has no impact on the fitting when KB/KC is less than 1. If KB/KC is 1, i.e., when KB is considerably increased, the fitting curve overestimates the data at low frequency. Since type B deformation has little contribution to the stress of the blend, it is unnecessary to emphasize the value of the KB co-efficient during the fitting process. When KB/KC is less than 1, the KB co-efficient can be neglected in Eq. (1), and only KC should be retained. Thus, Eq. (1) can be rewritten as Eq. (5) by removing the KB item.


G ′=G components ′+Kc8αSVf2ω2τ2f12+ω2τ2(5)
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Figure 7: Fit of the dynamic storage modulus data to YW Yu model with various KB/KC and fixed KC for the PP/LDPE blends, (a) 210°C, (b) 230°C

The simplified model (Eq. (5)) is applicable only when the KB/KC ratio is less than 1. In Yu’s research [10], the KB/KC ratio for the best-fitting curves is 0.12, 0.2, 1, and 0.4 in Figs. 4 to 6, respectively, most of which are less than or equal to 1. This simplified model is effective in most cases where orientation and distortion are present, with only two fitting parameters, KC and lc.

4  Conclusions

A rheological investigation was carried out on a blend of PP/LDPE (50/50 wt%) by performing small amplitude oscillatory shear at two different temperatures, namely 210°C and 230°C. The SEM images of the blends showed that those near the 50/50 ratio have a non-dispersed morphology. The storage modulus G′ data was analyzed using a rheological model proposed by Yu et al. A simplified form of the model was suggested to describe the G′ data at both temperatures, as in the original Yu model, the B type structure had little contribution to dynamic modulus. The fitting results confirmed that the co-efficient KB can be neglected in the simplified model in this case, which produced a desirable fitting result for the PP/LDPE (50/50) blend.
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