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Macromolecule entanglements are common in polymers. The chains of macromolecules with carbon skeletons are

flexible. The isolated chain easily takes the shape of a coil. When a macromolecule is surrounded by other

macromolecules, its coils interpenetrate, and entanglements arise between these macromolecules. The condition of their

occurrence is that their molecular weight exceeds a certain limit. The entanglements may be topological (these are

common) or cohesive. Entanglement with another macromolecule limits the movement of the macromolecule's chain, so it

is an obstacle to this movement.
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1. Disentangling of Polymers

It is difficult to find a way to increase equilibrium entanglement of macromolecules, but it is possible to reduce

entanglement. Three approaches are proposed for disentangling macromolecules: during polymerization, via dissolving,

and via shear in the melt. The effectiveness of each of these methods depends on its characteristic parameters, such as

temperature, the molecular mass of the polymer, or the type of solvent. Roles are described for each method. Typically,

when the literature mentions “disentangling”, the authors mean only a partial, not complete, reduction in entanglements. A

standard confirmation of reduced contacts between macromolecules is a change in the rheological modulus and viscosity.

Entanglements can be reduced during polymerization . For this purpose, the freshly polymerized macromolecules

should immediately form crystals, thus limiting the amorphous phase content and the possibility of entanglement. In

traditional Ziegler–Natta (Z-N) polymerization, the polymerization rate is usually faster than the crystallization rate; the

active sites are close to each other, so adjacent chains easily form entanglements. In homogeneous synthesis, the

metallocene catalyst and co-catalyst are dispersed in the polymerization medium, and it may be possible to control the

polymerization and crystallization rates and the separation of polymerization sites. As a result, a disentangled polymer can

be obtained . The reactor powder is usually called nascent. Polymers that disentangle during the polymerization

process include PE, PP, and poly(tetrafluoroethylene)(PTFE). The disadvantages of this method are low output and a

limitation on synthesizable polymers .

The most common disentangling method used In laboratories is dissolving the polymer, followed by freezing and drying 

. This is called the freeze-drying method. In a concentrated solution, the chains of macromolecules are

still entangled, but as the concentration decreases, the so-called critical concentration, c*, is reached, below which, the

macromolecular coils are separated. The critical overlap concentration is usually less than a few percent. If the dissolved

polymer is quickly frozen using liquid nitrogen, and the solvent is then removed, for example, via sublimation, a solid

polymer with limited entanglements can be obtained. Instead of freezing, disentanglement stabilization can be achieved

via crystallization in solution. A long list of polymers disentangled using the solvent method can be found in Pawlak’s

review . Unfortunately, freeze-drying diluted polymer solutions is not suitable for large-scale production given the small

amount of material obtained in a single process  and the harmfulness of the solvent to the environment.

Recently, much attention has been paid to the development of a method of disentangling polymer via shearing. It has

been known for many years that the application of shear to the polymer melt causes the partial orientation of

macromolecules, which is responsible, among other things, for the faster crystallization of the polymer. However, the

nature of the process is often not recognized or discussed in terms of the disentangling necessary to achieve the high

orientation of macromolecules. During processing, the orientation and disentangling of the chains lead to the rheological

phenomenon of shear-thinning, i.e., a reduction in steady-state viscosity. This happens when the shear rate exceeds the

reciprocal of the linear relaxation time .

The shearing of molten polymer can be performed using laboratory equipment. Examples are shearing stages or

rheometers, in which the polymer is placed between parallel plates, one of which rotates or oscillates in a controlled
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manner. Shearing changes the rheological properties of the polymer, which allows the effectiveness of the method to be

assessed. One variant of shear application is large amplitude oscillatory shear (LAOS) flow, which can be realized in a

plate–plate configuration for the rheometer. Examples of test conditions used for PP are as follows: strain amplitude, 50–

100%; frequency, 1 Hz; T = 180 °C; time, 200 s . The disentanglement of polymer using LAOS can be controlled by

adjusting the shear conditions. For example, a larger amplitude and a longer time promote disentangling. LAOS flow

produces a less disentangled melt state with respect to steady-shear flow, which is another disentangling possibility. In a

steady-shear experiment, the shear rate and time are constant. For example, Liu et al.  used a steady-state shear of 5

s  for 360 s to disentangle linear PP. LAOS, as an experimental method, simulates the large and rapid deformations

experienced by polymers during industrial processing and subsequent use well .

The steady-state shear has been compared with another variant of shear using rheometer, a ramping-up shear, which is a

deformation with an increasing shear rate during an experiment. A comparison of the steady-state shear at a rate of 5 s

and a ramping-up shear (0–10 s ), both within 360 s, for PP disentanglement was performed by . The measured M

masses were 11,442 g/mol for “initial”, 18,974 g/mol for “steady”, and 67,181 g/mol for “ramping-up” PP. The reason for

the ramp-up shear efficiency is that, with a slow rate of ramp-up, shear banding, which is typical of steady shear, was

avoided; thus, the bulk sample was sheared efficiently, and the more tangled network could undergo structural breakdown

because of the buildup of retractive force .

Attempts have been made to achieve the effective disentangling of polymers by shearing them in processing machines

such as extruders, mixers, or injection molding machines. The difficulty in this case is that not only must the polymer be

disentangled inside the machine but it must also be retained while forming the product outside the machine. One of the

first to attempt the large-scale production of “in-pellet” materials from disentangled polymers was Ibar . The concept

was based on an additional, simultaneous simple shearing treatment for the polymer in the machine. As pointed out by

Ibar, the orientation of an entangled polymer, which causes it to flow more easily, has often been incorrectly interpreted as

“disentangling” the polymer.

In processing equipment, the shear process can be assisted by applying a vibration field or adding a pressure field. A

vibrational force field added to polymer extrusion affects the molecular motion and rheological behavior of the polymer

melt . An example of a system with vibrations was proposed by An et al. . The polymer was sheared by two rods

vibrating in the opposite direction. Vibration support improved the rheological properties of molten PP. Both the tensile

strength and elongation at the break of the PP increased after applying a shear vibration field, as did the melting

temperature and crystallinity. A similar device was previously built by Isayev . Often, these systems constitute a

modified end part of the extruder. Another solution, involving the use of a vibration field in the entire extruder, was

proposed by Chen .

Please note that the disentangled polymers obtained with the three methods above do not have exactly the same internal

structure because, in the case of polymerization, the amount of the amorphous phase is smaller than usual; in the case of

the freeze-drying methods; a solvent may still be present; and in the case of disentangling via shear, one can expect at

least a local orientation of macromolecules.

2. Change in Properties Due to Polymer Disentangling

Studies on partially disentangled materials have provided further information on the impact of entanglements on polymer

properties. Previous research up to 2016 was described in detail in Pawlak’s review . The latest results, which clearly

illustrate the current state of knowledge, are summarized below. This research has focused on crystallization, mechanical

properties, and glass transition.

Crystallization from disentangled melt has been examined for isotactic PP , syndiotactic PP , PLA ,

PS , PEO , and UHMWPE . Cold crystallization was studied for PC in  and PET in . Generally, these

studies confirmed conclusions from studies of equilibrium-entangled polymers, i.e., that both crystal nucleation and crystal

growth may depend on reducing entanglement. Romano et al.  showed that the degree of polymer disentanglement

can be evaluated based on differences in the melting kinetics of entangled and disentangled crystals. Wang et al. 

crystallized PP after a LAOS process and concluded that the nucleation density and growth rate of spherulites increase as

the entanglement density decreases. According to Fu et al. , less entanglement in sheared HDPE samples results in

thicker lamellae in the non-isothermally crystallized polymer. Wang et al.  studied the crystallization kinetics of freeze-

extracted PLA as a function of the concentration in solution below and above critical concentrations for a chain-

overlapping c*, which was calculated to be 11 g/L. It was found that crystallization was faster and lamellae were thicker

when the concentration of the precursor solution decreased, but only when it was lower than the c*. The crystallization of
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PLA was also studied by Hu et al.  in shear-disentangled samples. They concluded that, under isothermal and non-

isothermal conditions, crystallization was faster and the degree of crystallinity was higher when the degree of

entanglement was lower.

In another study, similar results were obtained from a comparison of fully entangled PET with another PET prepared from

a trifluoroacetic acid solution, called reorganized PET (RPET) . Observations of the transition of crystallization regimes

I-II were interesting. The temperature was 7 °C lower for RPET. Using Hoffman–Weeks extrapolation, the calculated

equilibrium melting temperature was found to be several degrees higher for RPET.

Many polymers, such as isotactic polybutene-1 (PB), can crystallize in different crystallographic forms. Ni et al.  showed

the role of chain entanglement in the kinetics of polymorphic crystallization and the solid–solid phase transition. The

temperature of crystallization, the temperature of melting, and the crystallinity of form II were found to decrease with the

degree of disentanglement. This was accompanied by lower nucleation density and unusually lower spherulite growth

rate. The reasons for this behavior were unclear, although the loose packing of the crystal lattice or highly mobile side

ethyl groups were indicated as probable causes. Form II in PB is metastable and spontaneously transforms at room

temperature into thermodynamically stable form I. Disentangling the chain significantly increases the phase transition rate

and final degree of transition.

The crystallization of poly(ε-caprolactone) and its blends with poly(styrene-co-acrylonitrile) was studied by Liu et al. .

The authors prepared disentangled materials using strong shear or the “self-nucleation” process. The second term means

that disentangled polymer was created by melting crystals and holding them just above the melting temperature. The ease

of disordering and re-entangling such material was studied after applying weak shear immediately after disentangling. The

weak shear decelerated the crystallization of the partially disentangled melt because of chain re-entanglement. However,

when the weak shear rate was higher, additional disentanglement was attained, and crystallization occurred more quickly.

Zhang et al.  increased the mobility of poly(L-lactide) (PLLA) macromolecules using a complex shear method. As a

result of disentangling, the crystallization kinetics of PLlA was accelerated. Moreover, PLLA macromolecular chains are

usually aligned along the flow direction under strong shear fields, resulting in thicker shear layers and the formation of

denser and more perfect shish–kebab structures.

The crystallization of the sterocomplex of polylactide enantiomers is usually restricted to high-molecular-weight

components. Sun et al.  demonstrated the crucial role of chain entanglement in regulating this kind of crystallization.

PLLA/PDLA blends with various degrees of entanglement were prepared by freeze-drying a dioxane solution. The

disentangling not only increased the crystallization rate but also the crystallinity under both non-isothermal and isothermal

conditions. The less-entangled samples crystallized exclusively as high-crystallinity complexes, in contrast to the

predominant homo-crystallization that occurred in the entangled samples.

The crystallization of PP with its entanglements halved was the subject of several works by Pawlak et al. . It was

found that, similar to other polymers, the crystallization temperature and degree of crystallinity are higher in the

disentangled polymer. The thickness of the lamellae also increases. It was shown for the first time that, in polymers under

the influence of disentangling, the transition temperature between the II and III crystallization regimes decreases by 4 °C

. Krajenta et al.  studied the crystallization of PLA after limiting the density of entanglements to 20% of the initial

density. The crystal growth was found to be 10% faster, and it was shown that the boundary temperatures of the

crystallization regimes shift under the influence of disentangling.

Another polymer in which the course of isothermal and non-isothermal crystallization was studied was poly(ethylene

oxide) (PEO) . It turned out that with a decrease in entanglement density spherulitic nucleation increases, and the

resulting spherulites grow faster. With fewer macromolecular entanglements, the temperature of transition between

crystallization regimes I and II shifted in the direction of lower temperatures. Equilibrium melting temperature

measurements using the Hoffman-Weeks method showed little difference between entangled and disentangled PEO. X-

ray observations of the size of the formed lamellae have shown that slightly thicker and more perfect crystals grew from a

partially disentangled melt. The macromolecules in the samples annealed in the melt gradually re-entangled, but this

process was slow.

The experimental crystallization studies have been supported by simulations. For example, Zhai et al.  performed

coarse-grained molecular dynamics simulations of the isothermal crystallization of bimodal and unimodal polymers with

equivalent average M . They analyzed the evolution of entanglement during crystallization. With the onset of crystal

growth, the entanglement concentration decreased rapidly, but at the end of crystallization, it saturated at a level lower

than the initial one. The actual crystallinity and lamellae thickness were linearly proportional to the degree of
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disentanglement. The authors built a scenario out of the entire process of chain disentangling and lamellar thickening

based on the chain-sliding diffusion mechanism. Compared with the unimodal system, the increase in the crystallinity of

the bimodal system was faster than disentanglement. The reason was that the chains of the component with longer

chains slid more slowly.

Peng et al.  performed molecular dynamics simulations to account for the role of entanglement in the nucleation of

polymer melts. In highly entangled polymers like PC, nucleation is completely suppressed. The inhibition of nucleation

may result from an entanglement-enhanced nucleation barrier or from constrained chain dynamics. Which of these is

important is not clear. The determined nucleation-free energy barriers and critical nucleus size decreased at lower

entanglement densities.

Still, the effect of entanglement on the glass transition temperature (T ) is not entirely clear, even as new results are

available for disentangled polymers. A decrease in T  has been observed for disentangled polymers, mainly PS but also

PC, PLLA, and PET . The decrease in T  is interpreted in the literature as the enhanced

degree of freedom of the bond rotation due to a reduction in entanglements, affecting the chain relaxation process .

Another possible explanation for the decrease in the T  is that, after freeze-drying, the proliferation of free-volume holes

facilitates the movement of molecular chains . Since a decrease in T  has also been observed in non-entangled, low-

M  PS prepared from solution, Simon and co-workers  suggested that the reason for the glass transition shift is not

disentanglement but the presence of residual solvent.

Research has also been carried out to better understand the relationship between the entanglements of macromolecules

and the mechanical properties of polymers. Three of these experiments focused on impact behavior. Yue et al. 

examined the Izod impact strength of two sintered UHMWPE, including one with reduced entanglements. Interestingly, the

polymer in the weakly entangled state was characterized by significantly better impact strength (80 vs. 70 kJ/m ). The

reason may be better sintering of fewer entangled chains.

More traditional were the studies on the tensile properties of PC conducted by Wang et al. . The novelty of their

approach was the use of a modified extruder, in which the disentangling of PC was achieved by applying different shear

procedures (vibration, rotation, or together). Surprisingly, no significant changes were observed between the tensile

properties of disentangled and raw polymers. While examining the tensile properties of PP, Pawlak et al.  noticed that

the differences between the entangled and non-entangled polymers become visible when, instead of engineering

parameters, the values of true stress and true strain were calculated. It was found that properties at yield were not

changed by the reduction in entanglements. However, in the strain-hardening phase, the increase in stress was slower

when the polypropylene was less entangled. Increased cavitation was observed in partially disentangled polypropylene.

The process of pore formation in amorphous polyethylene during uniaxial stretching was modeled using the molecular

dynamics method by Logunova and Orekhova . The results of the statistical analysis of pore sizes indicate that

intermolecular entanglements slow down the processes of their growth and aggregation in the bulk of the polymer.

In recent years, publications have appeared concerning other studies of materials containing disentangled chains, e.g.,

those that are not electrically neutral . For example, the idea of studying relaxation processes using broadband

dielectric spectroscopy has been presented. Dielectric spectroscopy allows for the identification of polarization and

conductivity phenomena, the measurement of charge transport, and other things. In the case of non-polar polymers, it

may be necessary to introduce a substance with a constant dipole moment. In Drakopoulos et al.’s  research on

disentangled UHMWPE, Al O  catalytic ash played such a role. Five relaxation processes were identified in the polymer,

two of which were attributed to the disentangled and entangled amorphous phase. Based on the results of dielectric

spectroscopy, the formation of entanglements was also analyzed, estimating the minimum temperature at which the re-

entanglement begins (58 °C).

The role of entanglement on the rheological and mechanical properties of polymerized ionic liquids, a class of

polyelectrolytes, was investigated by Liu et al. . Samples with a wide range of molecular weights were tested. The high

density of electrical charges in the polymer backbone of this material provides unique rheological properties, such as

resistance to entanglement. The molecular weight of the entanglement of the tested polyelectrolyte was 1.6 × 10  g/mol,

which was much higher than that of conventional polymers. Disentangling the polymerized ionic liquid under shear in the

LAOS process was also observed, with re-entangling occurring within 6 min after the high shear had ceased.
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3. Composites Created Using Disentangled Polymers

Over the last ten years, interest in polymer nanocomposites has been steadily increasing. Classic composites contain a

micrometer-sized dispersed phase (fillers, particles, plates) with a relatively high amount of reinforcing agent (10–50

wt.%). The progress in composites involves the use of smaller dispersed phase elements, nanometer-sized, which allow

the content to be reduced to 1–5 wt.% while also improving the properties of the matrix. An additional aspect of

introducing very small dispersed phase elements into the composite is that some new effects or behaviors may be

revealed. An example is unexpected rheological behavior. It is known that in micro-composites the dispersed phase

increases the viscosity of the melt, but when nanoparticles are used in a polymer composite, the behavior may be the

opposite, i.e., a reduction in viscosity, as long as the size of the nanoparticles is smaller than the mesh size of the matrix

.

For example, such an effect was observed for poly(methyl methacrylate) (PMMA) with 2 wt.% dispersed 11 nm grafted

silicon nanoparticles . A decrease in the storage modulus with grafted polyoxometalate particle content was observed

by Chai et al. . A decrease in the G  modulus of a commercial UHMWPE composite with POSS compared with

UHMWPE was observed by Zhang et al. . The effect was best visible at a filler content of 0.5% by weight and less at

higher contents. Sui et al.  formulated a UHMWPE composite with 0.1–0.5 wt.% TiO  and observed that the viscosity of

the solution in the presence of nanoparticles decreased by 91% compared with the pure UHMWPE solution. Also, the

critical overlap concentration, i.e., the concentration in the solution at which the separation of the macromolecular coils

occurs, increased from 1 wt.% in UHMWPE up to 1.4 wt.% in the composite. 

The reason for the observed rheological behavior is that sufficiently small nanoparticles can increase the free volume in

the melt, thereby reducing chain entanglement and accelerating the relaxation process. As a result of disentanglement, a

lower melt viscosity (or modulus) can be observed compared with the polymer used as the matrix . Table 1 shows the

nanocomposites prepared in which the matrix polymer was disentangled.

Developed nanocomposites with partial disentanglement have been used to study their properties. In one study, in

PMMA/SiO  composites, the glass transition did not change in relation to the PMMA-to-SiO  content below 10 wt.% but

increased with higher amounts . For PS/polyoxymetalate, a regular shift in T  toward lower temperatures was observed

with an increase in nanofiller content in . Flash DSC studies of UHMWPE with 0.8 nm POSS particles showed that the

composite had lower melting activation energy than pure UHWMPE, confirming the lower entanglement level, and the

chain segment activity was improved with the addition of POSS.

The subject of studies from Luo’s group was the properties of a PP micro-composite with a high amount (35 wt.%) of

boron nitride . The PP in the composite was disentangled via a steady-state shear, and the re-entangling was

examined. The viscosities of the non-sheared composites were higher compared with PP, were stable during the

experiment, and depended on the size of microparticles. After shearing, the order changed, and PP had a higher viscosity

than the composites. This confirmed the disentanglement. After the cessation of shear, the viscosity of each materias

increased rapidly during the first 30 s of the time sweep experiment and then remained stable (at least 300 s); however, it

was far from the equilibrium value of PP. The authors interpreted this as maintaining a state of disentanglement in the

case of the composites. In many experiments, reaching a viscosity plateau is interpreted as full entanglement. According

to Luo, the attachment of disentangled molecular chains to the surface of particles and, thus, the limitation on the mobility

of the macromolecular chains are the cause of the reduced plateau viscosity of composites. The crystallization of

PP/boron nitride composites was slightly faster when the PP matrix was partially disentangled.

The entanglement dynamic of the oriented UHMWPE/1 wt.% Au nanocomposite was the subject of publication by

Drakopoulos et al. . Dielectric spectroscopy was used to study the transition of a composite into a molten state. A

decrease in DC conduction was observed with the formation of entanglements.

Barangizi and Pawlak  investigated the crystallization of solution-disentangled PP in a composite with 1 wt.% Al O

nanopowder. For comparison, entangled nanocomposite, solution-disentangled PP, and entangled PP were examined. It

was observed that isothermal crystallization occurred faster and non-isothermal crystallization occurred at a higher

temperature if the composite had fewer entanglements. However, it was also observed that crystallization in the

nanocomposite was slower compared with the homopolymer at the same entangling level. The dispersed alumina

nanoparticles hindered the movement of macromolecules into the growing crystals. The re-entanglement of

macromolecules as a result of annealing at 200 °C was also investigated. The time to equilibrium for the less-entangled

composite and similarly entangled PP was around 80 min. More entangled samples reached equilibrium after 40–50 min.
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Recently, Barangizi et al.  published the results of studies on the mechanical and thermal properties of PLA composites

containing 0.1–1.0 wt.% multi-wall carbon nanotubes (MWCNT). The authors compared fully and partially entangled

composites and PLA. The partial disentangling of macromolecules improved filler dispersion during composite fabrication

via extrusion. The increased mobility of the less-entangled PLA macro-molecules accelerated crystallization in the

nanocomposites, which had occurred already during the cooling of the melt and not only as a cold crystallization.

Isothermal crystallization studies showed faster crystallization because of a favorable combination of matrix

disentanglement and increased nucleation in the nanotubes. The reduction in entanglements influenced the mechanical

properties of the composites (Figure 1). The initiation of plastic deformation was easier, i.e., at lower yield stress, and the

increase in stress in the strain-hardening phase was slower for the disentangled homopolymers. In the composites, the

strain-hardening was stronger with a higher concentration of nanotubes, but it also depended on their dispersion, which

was better in the less-entangled polylactide matrix, resulting in the fastest increase in stress.

Table 1. Nano- and micro-composites prepared for studies of the matrix disentangling effect.

Polymer Matrix Filler Contents of
Filler (wt.%)

Method of
Dispersion

Disentangling of
Matrix Reference

PMMA Grafted SiO , 11 nm 2 Solution During mixing

PS Grafted polyoxometalate,
0.5–6 nm 1–5 Solution During mixing

UHMWPE POSS 0.2–3 During
polymerization

Previously
disentangled

UHMWPE POSS, 0.8 nm 0.1–1 Melt mixing During mixing

UHMWPE TiO 0.1–0.5 Solution During mixing

UHMWPE Gold, nano 1 Solution Previously
disentangled

PP Graphene 0.1–4 Shear in melt During mixing

PP Boron nitride, 1, 5, 27 µm 35 Steady-state
shear During shear

PP Al O , 78 nm 1 Melt mixing Previously
disentangled

Waterborne acrylic
coatings TiO 1–3 Solution During mixing

PLA MWCNT 0.1–1 Melt mixing Previously
disentangled

Figure 1. Strain–stress curves showing the mechanical properties of PLA and PLA/MWCNT composite samples in a

tensile test at 70 °C. PLAi—entangled polymer; PLAd—disentangled polymer; PLAi 0.1 and PLAi 1.0—composites of
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entangled polymers with 0.1 and 1.0 wt.% MWCNT, respectively; PLAd 0.1 and PLAd 1.0—composites of entangled

polymers with 0.1 and 1.0 wt.% MWCNT, respectively .

A specific approach to formulating composites is the polymerization of UHMWPE in the presence of POSS nanoparticles,

such as in . In that study, extending the polymerization time resulted in a decrease in the POSS content in the

composite, which was 0.74–2.31%. Rheological tests showed that the highest G′ modulus value (higher than UHMWPE)

was obtained for the polymer composite with the highest molecular weight and the lowest POSS content, which resulted

from the longest polymerization process. During the time sweep test, the composites gradually reached the equilibrium G′

values, which, however, were not the same as for the homopolymer. The times to reach equilibrium were 10 –10  min and

were the longest for UHMWPE. The crystallinity and lamella thickness of the resulting UHMWPE increased with

increasing POSS loading. This suggested that the POSS particles were nucleating agents.

Disentangled polymers can also be used to produce special types of composites called all-polymer composites. These are

composites in which not only the matrix but also the reinforcement is polymer. Smith and Lemstra  showed that very

strong fibers can be obtained by spinning from solution. At that time, it was not known that this was possible by limiting

entanglements. A similar concept was later used by Galeski . It is known that the plastic deformation of a semi-

crystalline polymer is limited by the network of macromolecules in the amorphous phase. It was assumed that if the

network was less dense, it would be possible to obtain much greater deformations and transform the lamellar structure of

the polymer into a fibrous one. Such a transformation can be achieved by blending a solid, partially disentangled polymer

powder with a second molten polymer. The concept was experimentally verified via extrusion, and all-polymer composites

were created from HDPE/PP and PS/PP pairs . Microscopic observations confirmed that long, flexible micro- and

nanofibers were obtained, well dispersed in the second polymer matrix. Tests of mechanical properties showed effective

strengthening in the polymer matrix.
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