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ABSTRACT: The dynamic rheological behavior of low-density polyethylene (LDPE)/ultra-high-molecular-weight polyethylene

(UHMWPE) blends and linear low-density polyethylene (LLDPE)/UHMWPE blends was measured in a parallel-plate rheometer at

180, 190, and 200�C. Analysis of the log–additivity rule, Cole–Cole plots, Han curves, and Van Gurp curves of the LDPE/UHMWPE

blends indicated that the blends were miscible in the melt. In contrast, the rheological properties of LLDPE/UHMWPE showed that

the miscibility of the blends was decided by the composition of LLDPE. The differential scanning calorimetry results and scanning

electron microscopy photos of the LLDPE/UHMWPE blends were consistent with the rheological properties, whereas with regard to

the thermal and morphological properties of LDPE/UHMWPE blends, the results reveal three endothermic peaks and phase separa-

tion, which indicated a liquid–solid phase separation in the LDPE/UHMWPE blends. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
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INTRODUCTION

The study of blends of ultra-high-molecular-weight polyethylene

(UHMWPE) with conventional polyolefins is of continued in-

terest. It has been well documented that a number of physical

properties and the processability of polyolefins can be improved

by blending.1 One of the most important developments in the

field of polyolefin design in recent years is the production of

polyolefins with a bimodal molecular weight distribution.

Mainly produced by the operation of two polymerization reac-

tors under different conditions in series, this material is a poly-

mer blend consisting of two fractions with average weights that

differ significantly. The potential danger of inhomogeneities

within the material, even in the case of identical chemical com-

positions of both high and low-molecular-weight fractions, has

been reported.2

Polyethylene (PE)–PE miscibility has been a topic of great aca-

demic and commercial interest for the past decade because of

its relevancy to the understanding of the processing and per-

formance properties of blends containing different types of PE.

Therefore, a better understanding and detailed description and

prediction of the blend properties are necessary. However, a

consensus has not yet been achieved on the liquid–liquid misci-

bility of such blends. For example, different groups of research-

ers have presented completely opposite views, ranging from

total phase separation3,4 to complete homogeneity5,6 for blends

composed of high-density polyethylene (HDPE) and low-density

polyethylene (LDPE) and for those composed of HDPE and lin-

ear low-density polyethylene (LLDPE),7,8 but there have been

few reports on the miscibility of LDPE/UHMWPE and LLDPE/

UHMWPE blends.

PE is produced in many forms, and each has different proper-

ties because of their structural variations. UHMWPE is a simple

supermolecular polymer, which was developed in recent deca-

des. Typical LDPE contains short-chain branches (1–3 per 100

backbone carbon atoms) and long-chain branches (0.1–0.3 per

100 backbone carbon atoms). LLDPE is produced by the

copolymerization of ethylene with an a-olefin such as hexene,

and it can have a wide range of branch contents, depending on
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the catalyst and concentration of the added comonomer. The

properties of the individual species can be altered by mixing the

components. However, the understanding of the mechanical

and melt flow properties of such blends is handicapped by the

absence of a consensus concerning the melt miscibility of the

components.

In crystallizable polymer blends, miscibility studies are compli-

cated because of the crystallization effect.1 The concept of poly-

mer miscibility generally applies to amorphous materials or

melts, and it is essential to analyze the polymer miscibility in

the melt state and cocrystallization in the solid state.

Dynamic rheological tests have unique advantages in the charac-

terization of polymer viscoelastic properties. They are also effec-

tive for the investigation of the morphology property relation-

ships of multicomponent polymer blends. However, to the best

of our knowledge there have been no studies on the detection

of the phase behavior of LDPE/UHMWPE and LLDPE/

UHMWPE blends by dynamic rheometry. In this study, two se-

ries of blends were prepared and tested by rheological, differen-

tial scanning calorimetry (DSC), and scanning electron micros-

copy (SEM) methods. The objective of this article is to present

the miscibility and phase behavior results of the two series of

blends.

EXPERIMENTAL

Materials and Sample Preparation

Materials. The materials used in this study were LDPE, with the

trademark 2210 H, and LLDPE, with the trademark DFDA 7042;

they were supplied as pellets by Lanzhou Petrochemical Corp.

(Lanzhou Gansu China). UHMWPE was supplied as a powder by

Beijing Second Subsidiary Additive Factory (Beijing China). All

of the molecular and physical parameters are listed in Table I.

Sample Preparation. In this study, LDPE/UHMWPE and

LLDPE/UHMWPE blends were prepared by melt blending. The

polymers were blended in a mixer (Rheomix 600, Haake, Ger-

many) at 190�C for 10 min with compositions of 100/0, 90/10,

80/20, 70/30, and 60/40 w/w, respectively; these blends were

named LU0, LU10, LU20, LU30, and LU40, respectively, for the

LDPE/UHMWPE blends and LLU0, LLU10, LLU20, LLU30, and

LLU40, respectively, for the LLDPE/UHMWPE blends. Then,

the melt blends were compression-molded into desired disks at

170�C for melt rheological measurements. In the preparation of

all the blends, the polymers were stabilized by the addition of

0.5 wt % antioxidant to prevent thermooxidative degradation.

Dynamic Rheological Measurements

Dynamic rheological measurements were carried out in a

dynamic rheometer (Bohlin Gemini 2000, Malvern, British) in

Table I. Characteristics of the PE Studied

Sample
Density
(g/cm3)

Melt index
(g/10 min)a

Branching degree
(branches per
1000 carbons) Mw (g/mol)

LDPE 2210 H 0.919 1.8 16.3 8.2 � 104

LLDPE DFDA7042 0.918 2 34.8 9.6 � 104

UHMWPE 0.937 Not measurableb — 2.5 � 106

Mw, weight-average molecular weight.
aUnder the conditions of 190�C and 2.16 kg.
bClose to zero and hard to measure.

Figure 1. Composition dependence of complex viscosity (0.01 Hz) for the blends at different temperatures: (a) LDPE/UHMWPE and (b) LLDPE/

UHMWPE.
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constant-strain mode. The diameter of the plate was 25 mm, and

the gap was about 1 mm. All of the samples were tested in the fre-

quency range from 0.01 to 100 Hz at 180, 190, and 200�C, respec-
tively. To keep the response in the linear viscoelastic region, the

applied strain was controlled at 1%. The thermal stability of the

samples during rheological testing was checked by a time sweep,

and all of the tests were completed within 10 min.

DSC

The melting and crystallization behavior of each blend was deter-

mined using a differential scanning calorimeter (DSC; DSC-204,

Netzsch, Germany). Experiments were carried out with 6–10-mg

samples under dry nitrogen. All samples were first heated to 165�C
at a rate of 10�C/min and held at 165�C for 5 min; they were then

cooled at a rate of 10�C/min to 50�C and held at 50�C for 3 min.

They were then scanned from 50 to 165�C at a rate of 10�C/min.

The crystallization and melting temperatures were obtained from

the cooling and second-heating thermograms, respectively.

SEM

The samples were cryogenically fractured in liquid nitrogen, and

then, all of the surfaces were gold-coated to enhance the imageFigure 2. Cole–Cole plots for the blends of LDPE/UHMWPE at 200�C.

Figure 3. Han curves for the blends of LDPE/UHMWPE at different temperatures.
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resolution and to prevent electrostatic charging. The morphol-

ogy of the fracture surfaces was observed by a scanning electron

microscope (SEM; JSM-5900, JOEL, Tokyo, Japan) instrument

at an acceleration voltage of 5 kV.

RESULTS AND DISCUSSION

Rheology Properties of the LDPE/UHMWPE Blends

Figure 1(a) shows the variation of complex viscosity for the

LDPE/UHMWPE blends at 0.01 Hz versus the UHMWPE con-

tent at 180, 190, and 200�C. It also shows a gradual increase in

the viscosity of the blends with increasing UHMWPE content.

It is clear that almost a straight-line dependence of log g(0.01 Hz)

(the value of complex viscosity at 0.01Hz) versus the UHMWPE

content was obtained for the LDPE/UHMWPE blends at 180,

190, and 200�C. The additivity of log g(0.01 Hz) indicated a lack

of specific influence in the blends and probable miscibility.

The rheological data were analyzed with Cole–Cole plots, which

represented the relationship between the imaginary viscosity

(g00) and the real viscosity (g0). Although it is an empirical

method, it has been widely used to analyze the melt miscibility

of polymer blends.9,10 A smooth, semicircular shape of the plot-

ted curves suggests good compatibility, that is, phase homogene-

ity in the melt, and any deviation from this shape shows a heter-

ogeneous dispersion and phase separation due to immiscibility.

The Cole–Cole plots at 200�C of the LDPE/UHMWPE blends

are shown in Figure 2 and at 180, 190, and 200�C, the Cole–

Cole plots showed similar trends. It appeared that all of the

blends were miscible, as was evident from the smooth, semicir-

cular shape of the plots. However, the diagnosis of the miscibil-

ity of the five samples from merely the shape of the Cole–Cole

dependence could be misleading, and other supporting rheolog-

ical data were required to strengthen the hypothesis.

The validity of the observation based on the Cole–Cole plots

appearance was further supported by the log G0 (elastic modu-

lus) versus log G00 (viscous modulus) plots, which were com-

pared to further investigate the miscibility of the blends. Han

Figure 4. Van Gurp curves for the blends of LDPE/UHMWPE at different temperatures.
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curves, presented as curves of G0 versus G00 in logarithmic

scale, were proposed by Han and Chuang11 and have often

been used to detect phase separation in polymer blends. For a

homogeneous polymer system, the Han curve is independent

of the temperature and is generally linear. Han curves of the

LDPE/UHMWPE blends at 180, 190, and 200�C are presented

in Figure 3. As shown, all of the blends exhibited single-phase

behavior as the plots were generally linear and independent of

the temperature; thus, we believe that the LDPE/UHMWPE

blends we studied were miscible. This suggests that the results

of the Han curves were consistent with the previous rheologi-

cal results. We also found that all of the values of the slopes of

the Han curves were lower than those of a monodisperse poly-

mer system (viz., 2 for Han curves, according to the linear

viscoelastic theory) because of the polydispersity of the system.

Moreover, the rheological properties at high frequencies were a

reflection of the relaxation of chain segments. The transition

of the Han curves at high frequencies with higher contents of

UHMWPE indicated a longer relaxation time of the chain seg-

ments, which may have been caused by a different number of

UHMWPE chains diffused into the LDPE chains.
Figure 5. Cole–Cole plots for the blends of LLDPE/UHMWPE at 200�C.

Figure 6. Van Gurp curves for the blends of LLDPE/UHMWPE at different temperatures.
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Figure 7. Han curves for the blends of LLDPE/UHMWPE at different temperatures.

Figure 8. Melting curves for the blends of LDPE/UHMWPE. Figure 9. Crystallization curves for the blends of LDPE/UHMWPE.
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Although use of Cole–Cole plot and Han curve for assessing the

polymer blends’ miscibility is quite common, there is little pub-

lished data12,13 on the use of the Van Gurp’s plot. Van Gurp

and Palmen13 presented in a rarely noticed publication an

approach for the verification of the time–temperature superpo-

sition principle (TTS). They plotted the phase angle of the

measured rheological data versus the corresponding absolute

value of the complex shear modulus and found that the isother-

mal frequency curves merged into a common line when the

TTS held. This way of verifying the TTS principle for a given

polymer sample is based on the exclusion of the temperature-

dependent characteristic elementary time and the quantities

deduced from the characteristic time according to the scaling

laws.14 Equivalent conclusions were also drawn by others, for

example, by Mavridis and Shroff,15 who used the loss tangent

instead of the phase angle itself.

As shown in Figure 4 the TTS held for all of the LDPE/

UHMWPE blends we studied; this indicated that all of the

blends were homogeneous or miscible in the melt. This agreed

with the trends observed in the Cole–Cole plots and Han

curves. We concluded that the LDPE/UHMWPE blends we

studied were miscible in the melt state.

In addition, the transition of Van Gurp curves at high frequen-

cies with higher contents of UHMWPE may also have indicated

a higher entanglement density; that is, a higher number of

UHMWPE chains diffused into the LDPE.

Rheological Properties of the LLDPE/UHMWPE Blends

Figure 1(b) shows the variation of complex viscosity at 0.01 Hz

versus the UHMWPE content at 180, 190, and 200�C for the

LLDPE/UHMWPE blends. It also shows a gradual increase in

the viscosity of blends with increasing UHMWPE content. It

Figure 10. Melting curves for the blends of LLDPE/UHMWPE. Figure 11. Crystallization curves for the blends of LLDPE/UHMWPE.

Figure 12. SEM photos for the LDPE/UHMWPE blends: (a) LU10 and (b) LU40.
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was clear that a straight-line dependence of log g(0.01 Hz) versus

the UHMWPE content was not obtained compared to that of

the LDPE/UHMWPE blends at 180, 190, and 200�C. The addi-

tivity of log g(0.01 Hz) indicated that the blends were probably

phase separated or partial miscible.

The Cole–Cole plots at 200�C of the LLDPE/UHMWPE blends

are shown in Figure 5 and at 180, 190, and 200�C, the Cole–

Cole plots showed similar trends. It appeared that at 180, 190,

and 200�C, LLU0, LLU30, and LLU40 were miscible; this was

evident from the smooth, semicircular shape of the plots,

whereas for LLU10 and LLU20, especially LLU10, there was a

clear deviation in each plot, which indicated the immiscibility

of the sample.

As can be seen from Figure 6 the TTS held for the samples

LLU0, LLU30, and LLU40. LLU20 showed a weak deviation,

whereas the deviation was particularly notable for sample

LLU10. The deviation indicated morphological changes taking

place in the melt during the experiment. This indicated that

LLU0, LLU30, and LLU40 were homogeneous or miscible in the

melt, but LLU10 and LLU20 were nonhomogeneous or phase-

segregated. This result agreed with the trends observed in the

Cole–Cole plots.

Han curves of the four samples at 180, 190, and 200�C are pre-

sented in Figure 7. As shown, all of the samples exhibited single

phase behavior as the plots were generally linear and independ-

ent of the temperature; thus, we believe that the blends were

miscible in the melt state. Combining this with the previous

rheological results, we conjectured that because of the identical

chemical structures in the interface, the Han curves were less

sensitive than Cole–Cole plots and TTS for this two-phase

morphology.

The phase behavior of polyolefin blends is a crucial issue. How-

ever, the physical properties of those components are too simi-

lar to enable the detection of such phase separation directly in

the melt; the phase behavior of many common binary blends

as, for example, not only HDPE/LDPE3–6 and HDPE/LLDPE7,8

but also LDPE/UHMWPE and LLDPE/UHMWPE, are not fully

understood yet. Rheological measurement is not only sensitive

to the molecular structure of polymer but also to the phase

behavior of polymer blends. Choi et al.16 and Hussein et al.17

reported the effects of the branching characteristics of LDPE

and LLDPE on their melt miscibilities with HDPE with molecu-

lar simulation. The phase separation in HDPE/LDPE blends in

the melt was predicted for high branch contents in their simula-

tions, and the cutoff value for the segregation was found to be

around 30 branches per 1000 long-chain carbons. The HDPE/

LLDPE blends were found to microphase separate when the

branch content of LLDPE exceeded 30 branches per 1000 car-

bons. At 40 branches per 1000 carbons, the two polymers dis-

played partial microphase separation, and complete microphase

separation was observed at 60 branches per 1000 carbons. The

branch contents of the LDPE and LLDPE we studied in this

work were 16.3 branches (15.4 short-chain branches) and 34.8

per 1000 long-chain carbons, respectively, so the rheological

results presented here were consistent with their prediction.

DSC Analysis

The melting and crystallization curves of LDPE/UHMWPE are

plotted in Figures 8 and 9, respectively. The LDPE/UHMWPE

blends showed three endothermic peaks, as shown in Figures 8

and 9. In melting studies of mixtures of linear and branched

PEs, some investigators18,19 have reported that DSC experiments

revealed three endothermic peaks. An intermediate peak

between the HDPE and LDPE peaks has been associated with

the fusion of a cocrystal formed from linear and branched PEs.

Figure 9 also shows that the crystallization temperatures of both

LDPE and UHMWPE were depressed by the other components

instead of being close to each other. In the polymer blend melt,

when the temperature decreased, thermal perturbations due to

different rates of crystallization between LDPE and UHMWPE,

the PE component, which is in the structure of an emulsion in

the melt, entered into the near growing crystal nucleus, and led

to liquid–solid phase separation.20

The melting and crystallization curves of LLDPE/UHMWPE are

plotted in Figures 10 and 11, respectively. On the other hand,

Figure 13. SEM photos for the LLDPE/UHMWPE blends: (a) LLU10 and (b) LLU40.
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the pure LLDPE (LLU0) showed a bimodal and relatively broad

peak because of its branching. The bimodal response was com-

posed of a low-temperature shoulder and a high-temperature

peak. This phenomenon was actually the result of an overlap of

two peaks resulting from reorganization during scanning.21 The

difference between the behavior of UHMWPE and LLDPE was

a result of the branching because LLDPE has short-chain

branching and UHMWPE has a linear structure. The blends of

LLU30 and LLU40 showed similar melting and crystallization

peaks as LLU0; this suggested a single crystal population or coc-

rystallization in these blends. However, LLU10 and LLU20

showed multiple peaks. The high-temperature peak was attrib-

uted to the cocrystallization of linear fractions of LLDPE and

UHMWPE, whereas the broad shoulder at lower temperatures

represented the melting of lamellae formed by the branched

LLDPE chains.

Conclusively, although the LDPE/UHMWPE blends were misci-

ble in melt state, because of different rates of crystallization

between LDPE and UHMWPE, liquid–solid phase separation

formed. The thermal properties of the LLDPE/UHMWPE

blends were consistent with the rheological properties, and the

results show that the extent of phase separation was found to

be dependent on the content of LLDPE.

SEM. As shown in Figure 12 the UHMWPE chains could not

be dispersed well in LDPE by melt blending, but there was no

rheological characteristic signal for this two-phase-like morphol-

ogy at low frequency. Combining this with the DSC results, we

concluded that although the LDPE/UHMWPE blends were mis-

cible in the melt state, because of different rates of crystalliza-

tion between LDPE and UHMWPE, liquid-solid phase separa-

tion formed.

As revealed by Figure 13 LLU10 showed phase separation,

whereas LLU40 showed good miscibility. This was consistent

with the rheological and thermal properties, which showed that

the system had partial microphase separation and the extent of

phase separation was dependent on the content of LLDPE.

CONCLUSIONS

Analysis of the log–additivity rule, Cole–Cole plots, Han curves,

and Van Gurp’s plot confirmed that the LDPE/UHMWPE

blends we studied were miscible in the melt. However, the ther-

mal properties and morphology of the blends were not consist-

ent with the rheological properties, which showed liquid–solid

phase separation due to different rates of crystallization between

LDPE and UHMWPE. In contrast to those of the LDPE/

UHMWPE blends, the rheological properties of the LLDPE/

UHMWPE blends showed that the system displayed partial

microphase separation. The DSC results and SEM photos of the

LLDPE/UHMWPE blends were consistent with the rheological

properties, which showed that the system showed partial micro-

phase separation and the extent of phase separation was de-

pendent on the content of LLDPE.

Specifically, the two-phase-like morphology in the melt blends

could detected by the failure of TTS, log–additivity, and Cole–

Cole plots but could not be detected by the Han curves.
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