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Abstract: Macromolecule entanglements are common in polymers. The first part of this review
describes their influence on the properties of entangled polymers. Then, methods for reducing the
entanglement density of macromolecule chains are discussed. It has been shown that research on
partially disentangled polymers has provided a lot of new information about the relationship between
the entangled state and properties of polymers. This research concerns, among others, mechanical
and thermal properties and the crystallization process. A special disentangled polymer case, ultra-
high-molecular-weight polyethylene, is also discussed. The results of research on polymer composites
in which macromolecules were disentangled via processing and composites were produced using
already disentangled polymers are presented in particular detail. It has been indicated that such
composites and blends of disentangled polymers are promising and will probably be intensively
researched in the near future.
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1. Entanglements in Polymers

The chains of macromolecules with carbon skeletons are flexible. The isolated chain
easily takes the shape of a coil [1]. When a macromolecule is surrounded by other macro-
molecules, its coils interpenetrate, and entanglements arise between these macromolecules.
The condition of their occurrence is that their molecular weight exceeds a certain limit.
Entanglement can be defined as an obstacle to the movement of a macromolecule’s chain
caused by the presence of another macromolecule. These obstacles may be topological
(these are common) or cohesive.

Most often, topological entanglements take the form of a loop of one molecule around
another. Cohesive entanglements are defined as the interactions of neighboring chain
fragments, for example, through hydrogen bonds [2]. In this review, we focused on
topological entanglements. These entanglements occur in concentrated polymer solutions,
polymer blends, and also in the amorphous phase of the solid polymer [3]. Because these
entanglements restrict the movement of macromolecules, they are thought to be responsible
for properties that depend on macromolecular mobility. These include rheology in the melt
or solution (polymer flow), mechanical properties (deformation of polymer network under
the influence of force), crystallization (transport of macromolecules to growing crystals),
and diffusion behaviors [4].

The presence of macromolecule entanglements was discovered during studies of the
rheology of polymers in the molten state and the deformation of elastomers in the solid
state. Earlier studies by Berry and Fox [5] showed that the zero shear viscosity of a low-
molecular-weight polymer is proportional to the molecular weight, M, i.e., η0∼M, whereas,
for higher molecular weights, when entanglements are formed, this relationship changes
to η0∼M3.4. In the polymer literature, it is customary to use the term “molecular weight”
when the term “molecular mass” is more correct, as indicated by the unitary unit g/mol.

Elastic materials, such as rubbers or the amorphous phase in polymers above the glass
transition temperature, exhibit large deformations and strong elastic responses, explained
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by the stretching of macromolecules forming a network of entanglements. The parameter
characterizing the density of entanglements in a polymer is the molecular mass between
entanglements, Me, usually determined from the rheology in the melt or the mechanical
properties in the solid state.

According to the classical theory of rubber elasticity [6], the equilibrium shear modulus
is equal to

Ge = ρr R T/Mr (1)

where ρr is the density of the rubber, R is the gas constant, T is the temperature, and Mr is
the molecular mass between the network nodes [7–9]. Assuming that a similar approach is
correct for polymers in the melt, the appropriate equation has the form of

G 0
N =

gρRT
Me

(2)

where GN
0 is the shear modulus in the plateau region, ρ is the density of the polymer, and

g is a coefficient equal to 1 [10] or 0.8 [11].
GN

0 can be determined by measuring linear viscoelastic properties in an oscillatory
shear experiment, performed over a wide range of frequencies and temperatures. GN

0 is
the value of the storage modulus, G′, at the frequency ωmin, in which the loss modulus, G′′,
reaches its minimum [12] (Figure 1). Since this minimum is not always visible, a number of
methods have been developed to circumvent this limitation [12–15].
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of polydispersity (i.e., the Mw/Mn ratio) [12]. However, tests of mechanical properties (de-
scribed below) show that, in semi-crystalline polymers, Me may depend on Mw. Me de-
pends on the tacticity of the macromolecule [13,16]. The results obtained in many labora-
tories vary significantly, suggesting that the above statements are not generally true or 
that other factors are at play. For example, the measured Me values are as follows: poly-
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Any selected high-molecular-weight polymer is assumed to have an equilibrium en-
tanglement density proportional to 1/Me. This density depends mainly on the architecture
of the macromolecular chain. Calculations of the monodisperses polybutadiene, polyiso-
prene, and polystyrene have shown that Me is independent of Mw and is also independent
of polydispersity (i.e., the Mw/Mn ratio) [12]. However, tests of mechanical properties
(described below) show that, in semi-crystalline polymers, Me may depend on Mw. Me
depends on the tacticity of the macromolecule [13,16]. The results obtained in many labora-
tories vary significantly, suggesting that the above statements are not generally true or that
other factors are at play. For example, the measured Me values are as follows: polyethylene
(PE), 830–2600 g/mol; polylactide (PLA), 4000–10,500 g/mol; isotactic polypropylene (PP),
5500–8100 g/mol. Me values for other polymers can be found in the literature [17–19].
Typically, entanglements are measured for bulk polymers. Wang et al. [20] showed that, in
ultrathin polystyrene (PS) films, the entanglement density is lower than in bulk samples,
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and the increase in Me begins when the film thickness is below 3.3 gyration radii, i.e.,
13–28 nm.

Much effort has been devoted to the theoretical description and modeling of chain
motion confined by the presence of other macromolecules [11,21–24]. De Gennes [23] came
up with the idea that the chain movement inside the entangled polymer could be described
as snake-like, which is known as the reptation concept. To quantitatively describe the
topological constraints caused by chain entanglement, Doi and Edwards [25] proposed the
tube model. In the simplest version of this model, the polymer chain moves like a snake
inside a virtual tube, the diameter of which depends on the constraints imposed by other
macromolecules (Figure 2). The movement of the macromolecule perpendicular to the tube
is restricted by the tube wall, but its motion along the tube is free. The time of diffusion
through the tube is a parameter characterizing the dynamics of the chain [21,26]. The repta-
tion model provides an interpretation of the observed dependence of viscosity on molecular
weight. The improvement of the initial reptation model, taking into account contour length
fluctuations and constraint release, has led to progress in approaching the experimental
value, η0~M3.4, instead of the value predicted by the original model, η0~M3 [11,22,27,28].
Recently, Ransom et al. [29], while studying polyisobutylene, suggested that the rheology
of polymers with a high number of entanglements per macromolecule (e.g., 430) is closer
to the η0~M3 relationship predicted by the original tube theory than to that observed for
the lower Mw polymer relationship of η0~M3.4.
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Figure 2. The idea of a macromolecule moving inside a virtual tube caused by the entanglement of
other macromolecules.

Many properties of polymers depend on the presence of entanglements. Entangle-
ments determine the mechanical properties of polymers [30]. In amorphous polymers, the
macromolecular network is responsible for maintaining the continuity of material under
the action of forces. The entanglements act as physical cross-links, equivalent to chemical
cross-links in rubber [31]. The reasons for the mechanical properties of semi-crystalline
polymers are more complicated. It is assumed that entanglements and tie molecules are
responsible for the connections of lamellar crystals [32]. When deforming such a poly-
mer, both phases, i.e., crystalline and amorphous, participate in the deformation stages
in different ways. When the polymer is ductile, the interconnection of crystals caused by
macromolecules causes lamella fragmentation, occurring beyond the yield point, which
results in the orientation of the amorphous phase and the formation of fibrillar crystals.

In semi-crystalline polymers, the role of entanglements is best visible in the last phase
of tensile deformation, during so-called strain hardening. After exceeding the yield point,
the change in true stress, σ, due to longitudinal stretch, λ, can be described by the following
equation [33]:

σ = σy + λ(NkTn0.5)/3[λ(3 − λ2/n)/(1 − λ2/n) − 1/λ2(3 − 1/λn)(1 − 1/λn)] (3)
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where σy is the yield stress, N is the number of entanglements per unit volume, and n is the
number of flexible units between entanglements. When n is large or λ is small, Equation (3)
reduces to the Gaussian equation:

σ = σy + Gp

(
λ2 − 1/λ

)
(4)

where Gp is the strain-hardening modulus [30], proportional to the entanglement den-
sity [34]. The Gp measurement is an alternative possibility for calculating Me for semi-
crystalline polymers, using an equation analogous to Equation (1) [33]:

Me = ρRT/Gp (5)

Experimental studies of the influence of the macromolecular network on deforma-
tion [35–37] have shown that strain hardening occurs earlier and is stronger as the density of
chain entanglements in the amorphous component increases. Kennedy et al. [35] performed
a tensile test on a number of differently crystallized polyethylenes and concluded that the
entanglement density in the interlamellar region increases with molecular weight (Figure 3).
Similar observations were presented by Schrauwen et al. [37] for poly(ethylene terephtha-
late) (PET), polyethylene, and polypropylene. Slowly crystallized samples exhibited lower
strain hardening, which resulted from lower entangling caused by reeling in the molecular
chains during the crystallization process. Bartczak et al. [36], examining polyethylene
with Mw in a range of 5 × 104 to 5 × 106 g/mol, found that Me decreases from 1020 to
414 g/mol with increasing Mw. This dependence results from the two-phase structure
of the semicrystalline polymer, but it does not apply to fully amorphous polymer, where
Me should be independent of Mw. When using Equations (3)–(5) to describe mechanical
properties, it is usually assumed that the density of entanglements is constant. However, ac-
cording to Bartczak et al. [38], during plastic deformation, some disentangling of the chains
occurs, which is the reason for the non-reversibility of strains. The entanglement network
affects not only the shape of the stress-strain relationship but also the micro-mechanisms of
deformation, such as crazing and/or shear yielding, and the failure of polymers [39–41].
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The presence of macromolecular entanglements influences the crystallization pro-
cess in at least two aspects: nucleation and the transport of macromolecules to growing
crystals. Macromolecules diffuse through the environment from other macromolecules
to the crystallization site. The rate of diffusion is controlled by obstacles in the path of
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the macromolecular chain, including entanglements [42]. The fragment of the chain ad-
jacent to the crystal surface must be disentangled because, in the crystal structure, the
macromolecules are ordered and do not have entanglements. It is debatable whether
this means local disentangling or just pushing the entanglements some distance from the
surface [36,43,44]. For rapidly crystallized higher-molecular-weight polymers, the second
option is preferred [45,46].

Another issue is whether the length of the formed stem, equal to the thickness of the
crystal, depends on the distance between entanglements, i.e., the length of the untangled
fragment capable of crystallization. Crystallization can be accelerated when the polymer
melt is sheared, which is known as flow-induced crystallization [47]. The orientation and
stretching of macromolecules during shear cause some disentangling of the chains and
thus accelerate the crystallization kinetics [48].

The entanglement density of miscible blends can be determined using the same
rheological procedure as for homopolymers. The entanglement in the blend depends on
the composition and entanglement density of each of the components [49,50]. It is usually
assumed that, in immiscible blends and polymer composites, the level of entanglements is
the same as in the polymers that compose them.

The properties of blends in terms of the influence of entanglements were examined
by Song et al. [49] and Hao et al. [51]. In their opinion, dissimilar chains entangle more
often than similar chains. Song et al. [52] studied the deformation of polyphenylene
oxide/polystyrene (PPO/PS) blends toughened by HIPS (high-impact polystyrene) and
PB-g-PS (polybutadiene-graft-polystyrene) copolymer. They assumed that the blends had
“natural”, i.e., equilibrium, density of entanglements proportional to the composition. It
was observed that the impact strength and elongation at the break gradually increased with
the entanglement density of the matrix chains. The deformation mechanism changed from
multiple crazing, through crazing together with shear yielding, to the shear yielding only
for the highest entanglement density. Xie et al. [53], after blending ultra-high-molecular-
weight polyethylene (UHMWPE) with PP and poly(ethylene glycol) (PEO), attained a
significant reduction in melt viscosity. The entanglement density of the UHMWPE/PP
(80/20) blend calculated from the storage modulus at a rubbery plateau was lower than
that of UHMWPE. A further reduction in the modulus and the entanglement density of the
blend was attained by adding PEO.

The accumulated knowledge about the interpenetration of macromolecular chains
is impressive. However, all the conclusions of early research have been drawn from
experiments on polymers with equilibrium entanglement densities. In order to obtain more
information confirming or modifying the existing background, it has been necessary to
perform studies on polymers with non-equilibrium-entangled macromolecular chains. This
is the main reason for developing methods of disentangling polymers.

2. Disentangling of Polymers

It is difficult to find a way to increase equilibrium entanglement, 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 [54,55]. 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 poly-
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merization 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 [56–58]. 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 poly-
mers [59].

The most common disentangling method used In laboratories is dissolving the poly-
mer, followed by freezing and drying [60–67]. 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 [19]. Unfortunately, freeze-drying diluted
polymer solutions is not suitable for large-scale production given the small amount of mate-
rial obtained in a single process [68] and the harmfulness of the solvent to the environment.

Recently, much attention has been paid to the development of a method of disentan-
gling 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 [68].

The shearing of molten polymer can be performed using laboratory equipment. Exam-
ples are shearing stages or rheometers, in which the polymer is placed between parallel
plates, one of which rotates or oscillates in a controlled 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 [59,69]. The disentanglement of polymer using LAOS can be con-
trolled 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. [70] used a steady-state shear
of 5 s−1 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 [71].

The steady-state shear has been compared with another variant of shear using rheome-
ter, 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−1 and a ramping-up
shear (0–10 s−1), both within 360 s, for PP disentanglement was performed by [70]. The
measured Me 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 [72]. In one study, to
vary the degree of high-density polyethylene (HDPE) disentanglement, shear was used
in a rotational rheometer with a linearly increasing rate from 1 s−1 to a final rate ranging
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from 2 s−1 to 12 s−1 [68] (Figure 4). The higher shear rate led to better disentanglement,
confirmed by a change in Me from 2840 g/mol to 17,230 g/mol.
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Figure 4. Variation in viscosity of HDPE with shear time for different end shear rates in a range of
2–12 s−1 [68]. Reproduced with permission: John Wiley and Sons.

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 [73]. 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 [74]. An example of
a system with vibrations was proposed by An et al. [75]. The polymer was sheared by
two rods vibrating in the opposite direction. Vibration support improved the rheologi-
cal 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 [76]. 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 [75].

Lin et al. [77] designed an eccentric rotor extruder that could generate an elongation
flow to promote a good mixing of two polyolefines and reduce chain entanglement. The
partially disentangled state can also be realized directly in injection molding using a
vibration field [78] (Figure 5). The designed machine can impose a complex shear field,
i.e., rotational shear + oscillatory shear. A comparison of different shearing methods, i.e.,
vibratory, rotational, or combined, showed that the latter solution is the most effective in
disentangling polycarbonate (PC). The same machine was used for disentangling PLA [79].
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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.

3. 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 [19]. 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 [70,80–83],
syndiotactic PP [65], PLA [61,79], PS [66], PEO [62], and UHMWPE [63,84]. Cold crystal-
lization was studied for PC in [85] and PET in [86]. Generally, these studies confirmed
conclusions from studies of equilibrium-entangled polymers, i.e., that both crystal nu-
cleation and crystal growth may depend on reducing entanglement. Romano et al. [87]
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. [78] 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. [68], less
entanglement in sheared HDPE samples results in thicker lamellae in the non-isothermally
crystallized polymer. Wang et al. [88] 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 crys-
tallization 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 PLA
was also studied by Hu et al. [79] 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) [89]. Observations of the transition of crystallization regimes I-II were inter-
esting. 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 crys-
tallographic forms. Ni et al. [90] showed the role of chain entanglement in the kinetics
of polymorphic crystallization and the solid–solid phase transition. The temperature of
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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 (Figure 6). 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.
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Figure 6. Spherulite growth rate in PB disentangled by dissolving it in p-xylene, with a concentration
of c = 0.1−2 wt.%. The critical overlap concentration, c*, was estimated to be ~0.6 wt.%. The
growth rate for bulk, entangled polymer is also shown [90]. Reproduced with permission: American
Chemical Society.

The crystallization of poly(ε-caprolactone) and its blends with poly(styrene-co-acrylonitrile)
was studied by Liu et al. [91]. 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. [92] 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. [93] 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 exclu-
sively 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. [81,94]. It was found that, similar to other polymers, the crystalliza-
tion temperature and degree of crystallinity are higher in the disentangled polymer. The
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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 (Figure 7) [81]. Krajenta et al. [95] 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.
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Figure 7. A dependence log of G + ∆E/[2.3 R(Tc − T∞)] versus 1/(Tc∆T) drawn for the initial PP
(PPi) and two disentangled PPs (PPo, PPx). The temperatures of the transition between crystallization
regime II (on the right side) and regime III (on the left side) are also shown [81]. Reproduced with
permission: John Wiley and Sons.

Another polymer in which the course of isothermal and non-isothermal crystallization
was studied was poly(ethylene oxide) (PEO) [96]. 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. [97] performed coarse-grained molecular dynamics simulations of
the isothermal crystallization of bimodal and unimodal polymers with equivalent average
Mw. 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 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. [98] 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
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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 (Tg) is not entirely
clear, even as new results are available for disentangled polymers. A decrease in Tg has been
observed for disentangled polymers, mainly PS but also PC, PLLA, and PET [78,89,99–106]
(Figure 8). The decrease in Tg 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 [107]. Another possible explanation for the decrease in the Tg is that, after
freeze-drying, the proliferation of free-volume holes facilitates the movement of molecular
chains [108]. Since a decrease in Tg has also been observed in non-entangled, low-Mw PS
prepared from solution, Simon and co-workers [102,109] suggested that the reason for the
glass transition shift is not disentanglement but the presence of residual solvent.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 11 of 28 
 

 

ening based on the chain-sliding diffusion mechanism. Compared with the unimodal sys-
tem, the increase in the crystallinity of the bimodal system was faster than disentangle-
ment. The reason was that the chains of the component with longer chains slid more 
slowly. 

Peng et al. [98] 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 en-
tanglement-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 (Tg) is not entirely 
clear, even as new results are available for disentangled polymers. A decrease in Tg has 
been observed for disentangled polymers, mainly PS but also PC, PLLA, and PET 
[78,89,99–106] (Figure 8). The decrease in Tg 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 [107]. Another possible explanation for the decrease in the Tg is 
that, after freeze-drying, the proliferation of free-volume holes facilitates the movement 
of molecular chains [108]. Since a decrease in Tg has also been observed in non-entangled, 
low-Mw PS prepared from solution, Simon and co-workers [102,109] suggested that the 
reason for the glass transition shift is not disentanglement but the presence of residual 
solvent. 

 
Figure 8. Comparison of the glass transition temperature, Tg, of entangled and disentangled PS. 
NPs—single-polymer chain nanoparticles, NFs—nanofibers [105]. Reproduced with permission: 
American Chemical Society. 

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. [110] examined the Izod impact 
strength of two sintered UHMWPE, including one with reduced entanglements. Interest-
ingly, the polymer in the weakly entangled state was characterized by significantly better 
impact strength (80 vs. 70 kJ/m2). The reason may be better sintering of fewer entangled 
chains. 

In the experiment by Shan et al. [111], micro-sized spherical polystyrene projectiles 
made of three polymers with different Mw values (9300, 40,000, 270,000 g/mol) below and 
well above the Me (13,400 g/mol) were launched against a rigid substrate, causing defor-
mation at an ultra-high strain rate (Figure 9). The bottom part of the projectiles heated up 
and deformed as a result of plastic flow. The upper part showed localized shear banding 
and brittle fracture for disentangled PS and extensive shear banding followed by crazing 
in the entangled samples. The absence of entanglements in PS with a molecular weight of 
9300 g/mol was the reason for the non-forming of crazes and the rapid transition to frac-
tures. Zhang et al. [112] compared the mechanical properties of two commercially availa-
ble UHMWPE with similar Mw values and concluded that the less entangled UHMWPE 

Figure 8. Comparison of the glass transition temperature, Tg, of entangled and disentangled PS.
NPs—single-polymer chain nanoparticles, NFs—nanofibers [105]. Reproduced with permission:
American Chemical Society.

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. [110] 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/m2). The reason may be better sintering of fewer
entangled chains.

In the experiment by Shan et al. [111], micro-sized spherical polystyrene projectiles
made of three polymers with different Mw values (9300, 40,000, 270,000 g/mol) below
and well above the Me (13,400 g/mol) were launched against a rigid substrate, causing
deformation at an ultra-high strain rate (Figure 9). The bottom part of the projectiles heated
up and deformed as a result of plastic flow. The upper part showed localized shear banding
and brittle fracture for disentangled PS and extensive shear banding followed by crazing
in the entangled samples. The absence of entanglements in PS with a molecular weight
of 9300 g/mol was the reason for the non-forming of crazes and the rapid transition to
fractures. Zhang et al. [112] compared the mechanical properties of two commercially avail-
able UHMWPE with similar Mw values and concluded that the less entangled UHMWPE
had three times more Charpy impact strength, although the tensile and flexural properties
were comparable.
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More traditional were the studies on the tensile properties of PC conducted by
Wang et al. [78]. 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 (vibra-
tion, 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. [113] noticed that the differences between the entangled and
non-entangled polymers become visible when, instead of engineering parameters, the val-
ues 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 [114]. 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 materi-
als containing disentangled chains, e.g., those that are not electrically neutral [115,116].
For example, the idea of studying relaxation processes using broadband dielectric spec-
troscopy has been presented. Dielectric spectroscopy allows for the identification of po-
larization 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 [115] research on disentangled
UHMWPE, Al2O3 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. [116]. 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 × 105 g/mol, which was much higher than that of conventional
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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.

4. Special Case: Ultra-High-Molecular-Weight Polyethylene

A special polymer whose properties are being tested, taking into account the entan-
glements of macromolecules, is ultra-high-molecular-weight polyethylene. It is a polymer
with very good mechanical properties, often used in medical applications. Its processing is
usually difficult because the macromolecules are very long and, therefore, highly entangled.
UHMWPE does not form a conventional melt when heated above its melting point.

There are two possible ways to improve processability. One of them is blending
with lower-molecular-weight polyethylene, e.g., HDPE [117–120] or linear low-density
polyethylene (LLDPE) [121] (Figure 10). Compatible macromolecules penetrate UHMWPE
during blending, reducing its entanglements. Often, the blended UHMWPE is partially
disentangled [122–124], which increases the effectiveness of the procedure. The blend of
disentangled UHMWPE with HDPE can be used for the melt-spinning process, leading
to the formation of high-strength fibers [120]. The formation of fibers from disentangled
polyethylenes was studied in the 1970s by the Lemstra group [125]. In order to improve
processability, attempts have also been made to reduce contacts between macromolecules
and, thus, viscosity in the melt by introducing nanoparticles into the polymer structure.
This issue is discussed in the section devoted to composites.
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The second possible way to improve processability is to disentangle UHMWPE dur-
ing controlled polymerization. Progress in this area concerns the use of new catalysts,
such as imido vanadium trichloride complexes [126], polyhedral oligomeric silsesquiox-
ane (POSS)/MgCl2 nanoaggregates modifying Z-N catalysts [127], POSS-modified Z-N
catalysts with judicious immobilization of TiCl4 [110], Z-N catalyst with TiCl4 anchored
on PS-modified silica [128], nanodispersed MgO/MgCl2/TiCl4 catalyst [129], and POSS
Z-N catalysts [130]. UHMWPE/HDPE wax blends have been produced directly during
polymerization [122,131].

Some research on UHMWPE has examined the properties of the polymer after disen-
tangling. For example, mechanisms of relaxation [132] and the physical network junctions
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have been studied [133]. Petrov et al. [134] performed large-scale molecular dynamics sim-
ulations concerning the uniaxial stretching of UHMWPE and found that there is an optimal
number of entanglements per macromolecule necessary to maximize chain orientations in
fibers formed from plastically damaged crystals.

Tao et al. [123] melt-blended three types of UHMWPE with different entanglement
states and molecular weights with an HDPE matrix (1:4 by weight). The lower degree
of entanglement and higher molecular weight of the UHMWPE promoted an increase
in the thickness of the lamellae and the crystallinity of the produced blend. This led
to the formation of more oriented shish structures and more kebab lamellae. Moreover,
the molecular chains of weakly entangled UHMWPE acted as tie molecules, significantly
improving the impact resistance. Chen et al. [130] obtained HDPE/UHMWPE blends
containing 0–50 wt.% of disentangled or entangled UHMWPE by synthesis in a chemical
reactor. The mechanical properties depended on the composition but were similar for
entangled and disentangled UHMWPE. The Izod impact strength increased rapidly in
the disentangled blends compared with the disentangled UHMWPE, and the effect of
entangled blends was half that of disentangled blends.

5. Re-Entangling Macromolecules

A disentangled polymer is not in a state of equilibrium, so if the movement of macro-
molecules is possible, it tends to reach equilibrium. The rate of the process depends on the
temperature, but it is usually not fast [135,136]. Re-entangling can be studied by measuring
changes in the storage modulus over time. The modulus after re-entangling should return
to its pre-disentanglement value, and there are some observations that confirm this [137].

However, it is often observed that the storage modulus increases quickly at first and
then slower and slower, and after some time, a final plateau value is reached, well below
the expected value representing the polymer before disentangling [63]. It is unclear what
causes such a low plateau in polymers disentangled in solution [29]. Many authors have
tried to avoid discussing the reasons for this behavior by showing the G′(t) data normalized
to the G′ value for the plateau (i.e., to the maximum of the curve) and assuming that, when
the ratio is one, the polymer is completely entangled again. In both ways of presenting
rheological data, the re-entangling time is defined as the moment at which the modulus
stops increasing [68,69,122,128,138] (see Figure 11). The second issue not discussed in the
literature is that, sometimes, the curve describing the increase in G′ over time is not smooth
but has “waves” (undulations) visible on it [68,121,128].
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Figure 11. (a) Changes in the G′ modulus over time for rheological measurements, at 180 ◦C, of en-
tangled and disentangled PP [80]. (b) Buildup of normalized storage modulus for HDPE/UHMWPE
blends at 200 ◦C. The H/U5-18 designation means HDPE with a 5% UHMWPE addition with a shear
rate of 18 s−1 [138]. Reproduced with permission: Elsevier.

Many years ago, Barham and Sadler carried out an experiment by melting polyethy-
lene mats containing single-chain crystals. During melting, the macromolecules that had
previously formed crystals took the shape of a coil within a few seconds [139]. In real mate-
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rials, crystals consist of many macromolecules, and there are also tie macromolecules that
connect adjacent lamellae, which means that the macromolecules that form crystals are not
completely separated from the others after melting. As a result, in a semi-crystalline poly-
mer, melting the crystals creates areas with lower and higher densities of entanglements. As
a consequence of this, two growth rates of G′ are observed in the re-entanglement process,
i.e., the slow and fast return to the equilibrium state of the melt [133]. However, in Fu’s
opinion [68], the entanglement process is a two-stage one given the type of entanglements
that arise. At the early stage (a time of 100 s for HDPE), simple entanglements (twists,
knots, links) are formed, and in the second phase, loops are formed. The second, slower
phase of entanglement network formation is mainly controlled by reptation dynamics [70].

Experimental results have shown that the kinetics of re-entanglement is much slower
than that predicted by tube theory [68], i.e., longer than the average reptation time [69].
The time of recovery depends on the polymer, temperature, and disentangling level [69].
Ni et al. [90] observed in PB that the recovery time was 32,100 s for PB obtained from
the most diluted solution and 6000 s when the solution concentration was close to the
critical c*. In the above example, the entanglement time was long, but in many cases, the
recovery time is too short in terms of processing. So, there have been attempts to increase
it. Liu et al. [138] effectively delayed the recovery of entanglements in HDPE by adding a
small (3–5%) amount of UHMWPWE. The re-entangling time in the blend was twice as
long as in the case of HDPE.

Rheological tests of PP have shown that, after annealing for 120 min, the initial
viscosity level can still not be achieved. The mechanical properties become similar to
those of entangled polymers after 2 h, but the higher the molecular weight, the more
time is required for them to increase (Figure 12). The time after which the transition
temperature between crystallization regimes returns to the initial state depends on the
degree of disentanglement and the molecular weight of PP [94].
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and partially disentangled (PP2%) polypropylene. The effect of heating in the melt is also shown,
leading to the regeneration of entanglements after 2 h [94]. Reproduced with permission: Elsevier.

Chammingkwan et al. [129], examining disentangled and entangled UHMWPE, sur-
prisingly found similar increases of the G′ modulus as a function of time. The reason was
that voids initially present in the entangled samples were reduced by the prolonged heating
at a temperature above the melting point, which changed the conditions of the rheological
experiment, i.e., the contact of the polymer with the rheometer plates. This example shows
how important it is to properly control the course of the experiment. It cannot be excluded
that technical or procedural reasons not taken into account may cause the observed lower
final values of G′ after re-entangling.
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6. Composites Created Using Disentangled Polymers

Over the last ten years, interest in polymer nanocomposites has been steadily increas-
ing. 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 [140–144].

For example, such an effect was observed for poly(methyl methacrylate) (PMMA)
with 2 wt.% dispersed 11 nm grafted silicon nanoparticles [143]. A decrease in the storage
modulus with grafted polyoxometalate particle content was observed by Chai et al. [140]. A
decrease in the GN

o modulus of a commercial UHMWPE composite with POSS compared
with UHMWPE was observed by Zhang et al. [106]. The effect was best visible at a
filler content of 0.5% by weight and less at higher contents. Sui et al. [145] formulated a
UHMWPE composite with 0.1–0.5 wt.% TiO2 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. A determination of the plateau modulus with
the DMTA method showed that the amount of 0.3% TiO2 was optimal, most effectively
reducing the modulus, resulting in a twofold increase in Me, assuming that the application
of Equation (2) is correct for composites. Waterborne acrylic coatings (butyl acrylate:
methyl methacrylate: acrylic acid, 54:42:2 mol%) with the addition of 1–3 wt.% nano-TiO2
were studied by Romo-Uribe et al. [146]. A two-order reduction in G′ and an increase in
the entanglement relaxation time were observed after the addition of TiO2, which was
especially large at 1 wt.%. In this case, the nanoparticles also caused a partial disentangling
of the chains.

The reason for the observed rheological behavior is that sufficiently small nanopar-
ticles 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 [140]. 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/SiO2 composites, the glass transition did not
change in relation to the PMMA-to-SiO2 content below 10 wt.% but increased with higher
amounts [143]. For PS/polyoxymetalate, a regular shift in Tg toward lower temperatures
was observed with an increase in nanofiller content in [140]. 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 POSS particles used were
smaller than the theoretical tube size of PE (3.6 nm) [106] (Figure 13). Disentangling the
UHMWPE/TiO2 composite made it processable, as demonstrated by measurements of
the melting index. The obtained value of the melt index was low, only 0.069 g/10 min (at
21.6 kg and 230 ◦C), but it was measurable instead of UHMWPE [145]. The UHMWPE/TiO2
composite had much better tensile properties than UHMWPE. The elongation to break
increased by six times, and the tensile strength also increased significantly. However,
regardless of improvement, this composite was still highly entangled, and the increased
elongation at the break may also be a result of reducing impurities in the polymer during
solution preparation.
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The second approach to obtaining disentangled composites is shear in melt, similar to
the disentangling of homopolymers. Luo et al. [147] disentangled PP containing 0.1–4 wt.%
graphene nanoplatelets (Figure 14). The subject of their studies was the rheology and
crystallization of the composite. The re-entanglement process was investigated at a tem-
perature of 200 ◦C. The disentangled-by-shear neat PP was fully entangled; i.e., it reached
initial viscosity after 2000 s. In the composites, after 100 s, the increasing viscosity of the
composite reached a constant value, but at a level much lower than the value expected for
the equilibrium entangled composite. According to the authors of the article, this means it
maintained a disentangled state. Given their strong interaction, graphene platelets limit the
movement of chains. PP in the sheared graphene composite crystallized faster compared
with the non-sheared composite.
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Figure 14. (a) The storage modulus regarding the function of frequency for PP/graphene nanocom-
posites. Interlayer slipping in the composite decreased the G′ value, but for higher graphene (GnP)
content, the opposite effect of chain movement restriction due to nanoplatelets is visible; (b) buildup
of normalized viscosity with time at 200 ◦C during recovery of entanglement [147]. Reproduced with
permission: Elsevier.

The subject of other studies from Luo’s group was the properties of a PP micro-
composite with a high amount (35 wt.%) of boron nitride [148]. The PP in the composite
was disentangled via a steady-state shear, and the re-entangling was examined (Figure 15).
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
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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.
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Figure 15. Schematic showing changes in the structure of PP and a PP/boron nitride composite
during disentanglement and recovery in the melt [148]. Reproduced with permission: American
Chemical Society.

A third possible approach to obtaining disentangled composites is not formulating
them by dissolving or shearing entangled polymers with filler but by using a previously
disentangled polymer as the matrix. This was tested by Drakopoulos et al. [149], who
obtained a UHMWPE/1 wt.% Au nanocomposite from a solution. UHMWPE was disen-
tangled during polymerization. The obtained nanocomposite powder was calendered to
obtain draw ratios of up to 100, or it was additionally stretched into higher draw ratios
(100–200). An increase in crystallinity from 75% to 87% for the deformed composite and the
occurrence of gold agglomeration (from 10.6 to 12.3 nm) with deformation were observed.
The reason for the agglomeration was a reduction in the content of the amorphous phase,
which contained gold particles.

The entanglement dynamics of the oriented UHMWPE/1 wt.% Au nanocomposite
were the subject of another publication by the same authors [150]. 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 [151] investigated the crystallization of solution-disentangled
PP in a composite with 1 wt.% Al2O3 nanopowder. For comparison, entangled nanocom-
posite, 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 (Figure 16). 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 macro-
molecules 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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Figure 16. Conversion of the melt into crystals during non-isothermal crystallization of PP and
PP/Al2O3 composites. PP2 is a disentangled polymer, and PP2c is its composite with 1 wt.% Al2O3;
PP10 is an entangled polymer, and PP10c is its composite with 1 wt.% Al2O3 [151]. Reproduced with
permission: Elsevier.

Recently, Barangizi et al. [152] 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 17). 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.
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Figure 17. Strain–stress curves showing the mechanical properties of PLA and PLA/MWCNT com-
posite samples in a tensile test at 70 ◦C. PLAi—entangled polymer; PLAd—disentangled polymer;
PLAi 0.1 and PLAi 1.0—composites of entangled polymers with 0.1 and 1.0 wt.% MWCNT, respec-
tively; PLAd 0.1 and PLAd 1.0—composites of entangled polymers with 0.1 and 1.0 wt.% MWCNT,
respectively [152].
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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 SiO2, 11 nm 2 Solution During mixing [143]

PS
Grafted

polyoxometalate,
0.5–6 nm

1–5 Solution During mixing [140]

UHMWPE POSS 0.2–3 During
polymerization

Previously
disentangled [63]

UHMWPE POSS, 0.8 nm 0.1–1 Melt mixing During mixing [106]
UHMWPE TiO2 0.1–0.5 Solution During mixing [145]

UHMWPE Gold, nano 1 Solution Previously
disentangled [149]

PP Graphene 0.1–4 Shear in melt During mixing [147]

PP Boron nitride, 1, 5,
27 µm 35 Steady-state shear During shear [148]

PP Al2O3, 78 nm 1 Melt mixing Previously
disentangled [151]

Waterborne acrylic
coatings TiO2 1–3 Solution During mixing [146]

PLA MWCNT 0.1–1 Melt mixing Previously
disentangled [152]

A specific approach to formulating composites is the polymerization of UHMWPE in
the presence of POSS nanoparticles, such as in [63]. In that study, extending the polymeriza-
tion 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 (Figure 18). 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
103–104 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.
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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 [125] showed that very strong fibers can be
obtained by spinning from solution. At that time, it was not known that this was possible by
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limiting entanglements. A similar concept was later used by Galeski [83,153]. 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 [83] (Figure 19). Microscopic observations con-
firmed 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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Figure 19. SEM image of PP fibers formed via shear deformation during compounding with PS. The
PS matrix was removed here via dissolution in toluene [83]. Reproduced with permission: John Wiley
and Sons.

7. Concludings Remarks and Perspectives

Polymers with partially disentangled chains may be an interesting alternative in the
production of materials dedicated to special applications. They have properties that are
different from their fully entangled counterparts. The facilitation of the crystallization
process and changes in mechanical properties with the goal of obtaining large deformations
is worth mentioning here. It is important that attempts are being made to develop methods
of industrial production for such polymers and the materials using them. Modifications
to the extrusion process can be mentioned here. In the future, the observation that very
small nanoparticles can participate in the disentangling of polymers may also be important.
While the literature on disentangled polymers is quite extensive, the number of reports
on composites does not exceed twenty, and these are reports from the last 2–3 years.
This indicates the direction of future research, which, in addition to nanocomposites, will
probably also involve blends of disentangled polymers.
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