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Abstract. The role of entanglement of polymer chains in the merging and consolidation of polypropylene (PP) powder
grains was elucidated. The entanglement density was varied by the dissolution of PP and precipitation. The differently entangled powders were sintered, without melting, applying severe plastic deformation by equal channel multiangular extrusion
(ECMAE). Compaction by ECMAE resulted in healing of the interparticle pores, as well as the formation of a fibrillar structure, more significant in the case of disentangled PP. Lower entanglement density also led to the formation of thicker interfaces and to new crystals due to the strain-induced crystallization of slacks between entanglement knots. The consolidation
of disentangled powder was drastically better than entangled PP powder: the yielding in compression occurred via crystallographic slips in the sintered disentangled powder while in the entangled PP powder through a series of weak elements and
defects, due to much poorer compactness and cohesion. It was suggested that better consolidation of disentangled PP powder
is due to reptation of longer slacks between entanglement knots and also due to sideway motions of their loops.
Keywords: processing technologies, polypropylene, disentanglement, sintering, solid-state extrusion

1. Introduction

molecular weight polyethylene (UHMWPE) [5, 6]
and poly(tetrafluoroethylene) (PTFE) [7]. The conditions of polymerization are such that the growing
polymer chains are separated and can crystallize immediately [5, 8, 9]. The second group of methods is
based on dissolving the polymer [10–12]. In the diluted solution, the number of contacts between macromolecules, among them entanglements, strongly depends on the concentration. The key issue is maintaining the state of reduced entangling by transforming the polymer from solution to solid-state. One option is to freeze the solution rapidly with subsequent
removal of solvent [13, 14]. The second possibility,
used for example, for polypropylene, is the initiation
of the crystallization process, which stabilizes the
structure of the rest of the polymer [15].

The macromolecular entanglements have been the
subject of research for many years. Based on rheological studies, it is assumed that polymer in melt
contains a certain characteristic, equilibrium density
of entanglements, depending on the type of polymer,
but not on its macromolecular mass [1, 2]. The density of entanglements is best characterized by a molecular mass between entanglement knots [3]. In
crystalline polymers, the entanglements are rejected
during crystallization and concentrated in the amorphous phase [4].
Several methods to obtain polymers with reduced
entanglement density are available. There are two
main approaches. The first is the crystallization during polymerization, mostly applied for ultrahigh
*
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Conventional polymer sintering is a three-stage
process [25, 26]. The first stage is powder densification through pre-compaction, which is aimed at latching the polymer grains. It is usually performed below
its melting or glass transition temperature. The second stage is the heating of the densified grains close
to but below its melting or glass transition temperature in order to accelerate the diffusion of chains
across the interfaces of adjacent grains. This leads to
the consolidation of the interfaces by chain entanglement. At this stage, two parameters play a major role,
namely time and temperature. Finally, in the third
stage, crystallization for semicrystalline polymers or
vitrification for amorphous ones takes place. In the
case of semicrystalline polymers, it is also possible
to promote the strengthening of the interfaces by
cocrystallization of the chains after their interdiffusion. The cocrystallization process consists of the
formation of new crystallites across the interfacial
regions of the adjacent powder particles.
The chain diffusion process is determined by reptation kinetics [27]. The latter strongly depends on the
molecular mass of the polymer and exhibits an equivalent dependence on time t and temperature T. According to [28, 29], the re-entanglement rate in the
interfacial region is proportional to (Tt)γ, where the
γ value can be either 1/2 or 1/4 [26]. Another factor
affecting chain mobility is the type of crystal lattice
(polymer crystal size) and the presence of high pressure. For instance, the use of hexagonal UHMWPE
crystals possessing high chain mobility makes it possible to generate a highly cohesive material and determines the promotion of cocrystallization of chains
from adjacent crystals [30, 31].
High pressure is also needed to produce a large contact surface area for intimate molecular contact at
particle boundaries enabling interfacial diffusion
[32]. However, there is a critical value of the pressure
at which the interfacial diffusion starts to decrease.
The relative rate of interdiffusion and cocrystallization processes also remains important since too high
a crystallization rate can significantly hinder further
chain interdiffusion and thus reduce the sintering.
As the above review shows, there is no detailed research on the effect of the degree of entanglement of
polymer grains on the sintering consolidation efficiency. Besides, the sintering can be carried out in a
way that results in simultaneous deformation and
orientation of the polymer. No studies have been
conducted so far on how such deformation occurs at

The mechanical properties of partially disentangled
polymers were the subject of only limited and uncompleted studies. The first observations of different
mechanical properties of polymers with reduced entanglements were from the 80s of the 20th century
when Lemstra and Smith [12, 16, 17] performed experiments by spinning polymer solutions after gelation. They observed that PE or PP gels could be spun
to very high draw ratios, forming very strong fibers.
The large deformations resulted from the reduction
of entanglements concentration in the gel [12, 18].
The disentangled UHMWPE was used for the preparation of highly oriented tapes or films, characterized
by the high tensile strength [11, 12, 17] and ability to
deform 200–300 times [16, 18]. The comparison of
mechanical properties of differently entangled polyethylenes, tested in compression, showed that polyethylene with fewer entanglements in the amorphous
phase is capable of reaching a larger plastic deformation, with a delayed strain-hardening step [19].
Similar conclusions followed from the study of the
deformation of less entangled polypropylene [20].
In addition, less entangled polypropylenes are characterized by significantly lower elastic modulus. The
properties of ultrahigh molecular weight polypropylene (UHMWPP) films obtained from the gel solutions were examined by Ogita et al. [21], Ikeda et al.
[22], and Chen et al. [23]. It was possible to obtain
a deformation ratio of 60 [20].
The evolution of disentangled polypropylene internal structure with tensile deformation was studied by
Pawlak et al. [24]. The yield stress and strain values
were attributed to crystal plasticity and were independent of the concentration of entanglements. However, the strain hardening phase of deformation depended on the density of the entanglements, and the
observed increase of stress was faster when PP was
more entangled. The disentangling of the polymer
supports enhanced cavitation during tensile drawing.
The cavitation in disentangled PP was possible even
at a high deformation temperature of 100 °C.
Usually, the product of disentangling is a fine-grained
powder. It should be carefully processed to maintain
the state of disentangling. The studies of melting of
many polymers have shown that short processing,
even at high temperatures, is possible without the
risk of serious re-entangling [24]. However, the use
of high temperature should be limited if possible,
which is why sintering of polymer powders in the
solid state was used in our material preparation.
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determining different long-range chain mobility during stress events, were used to study the effect of the
initial polymer morphology on the efficiency of three
processes: crystallization, interdiffusion (re-entanglement) and accommodation of plastic deformation.

the microscale, especially if it leads to large plastic
deformation. From the point of view of properties of
the partially disentangled polymer, the use of sintering avoids the melting of the disentangled polymer
powder. The possibility of simultaneous research on
the processes of sintering and plastic deformation of
entangled polymers is provided by an equal channel
angular extrusion [33, 34], with the back pressure
(ECAE-BP) method. ECAE-BP is now a well-known
process of severe plastic deformation [35–39]. We
suggest that it can be used to consolidate polypropylene disentangled powders at low temperatures (below
Tg in amorphous and below Tm in semicrystalline
materials) as intense shearing associated with hydrostatic pressure occurs at the intersection of the two
channels with equal cross-sections. Relatively low
temperatures of the sintering prevent noticeable thermal degradation. This also eliminates the need to use
any additional plasticizers to form sufficient chain
entanglement throughout the polymer. It is known
that the use of plasticizer results in a decrease in the
processing temperature, i.e., allows avoiding the undesirable thermal decomposition process, but leads
to a deterioration in strength characteristics of natural polymers. Polyamide 12 [39], UHMWPE [38],
cotton linter microcrystalline cellulose particles [40],
maple hardwood particles [41, 42], as well as natural
polymers such as wheat starch and wheat gluten,
have been successfully sintered by ECAE-BP. It has
been shown that ECAE-BP reduces the polymer
crystallinity and promotes chain penetration, intermolecular interaction, and thermal crosslinking between polymer particles.
The goal of this research is to use the severe plastic
deformation concept to probe the efficiency of the
modified ECAE-BP version, namely, the equal-channel multiangular extrusion (ECMAE) process for
sintering polymer particles into a bulk material at
lower temperatures. The peculiarity of ECMAE is
that there are several zones of shear deformation in
one device, as opposed to one zone of shear deformation in the case of ECAE-BP, which allows the
accumulation of high plastic deformation per one
cycle [43]. Although the original shape of the sample
can be maintained in the ECMAE process, as it passes through a series of channel intersections, multiple
plastic deformations occur, changing the internal microstructure of a polymer. Two polypropylenes in the
entangled (with equilibrium density of entanglement
of macromolecules) or partially disentangled states,

2. Experimental
2.1. Materials
Isotactic polypropylene Novolen 1100 N, produced
by BASF, having molecular mass Mw = 250 kg/mol,
density 0.936 g/cm3, and melt flow index, MFI =
11 g/10 min was used in the experiments. Xylene
(from Chempur, Poland) was used for the dissolution
of PP and producing disentangled powder.

2.2. Preparation of PP nascent powders
The PP solutions were prepared by dissolution
2 wt% (dilute solution) of polymer in hot xylene at
the temperature of 130–135 °C. The time of dissolution was 1 h. Then the temperature was slowly decreased at the rate of 15 °C/h. When the temperature
reached approximately 80 °C, a gel begins to form
inside the flask. The solution with gel was cooled
further down to 40 °C, and the gel was filtered and
dried. After drying, a powder with a limited density
of entanglement of macromolecules was obtained.
The same procedure was used to prepare the polypropylene powder from a concentrated solution with
a content 10 wt% of polymer. According to theoretical considerations [13, 44], polypropylene obtained
from a 10 wt% solution should nearly maintain the
equilibrium density of entanglements, while the polymer obtained from the 2 wt% concentration should
be partially disentangled. The entanglement density
in both of these polypropylenes was the subject of research in our previous work [45]. Using the rheological method, the molecular mass between entanglement knots was found to be 12600 g/mol for polypropylene from 10 wt% solutions and 18 000 g/mol
for polypropylene from 2 wt% solutions. The same
but completely entangled polypropylene showed the
molecular mass between entanglement knots of
9900 g/mol. The polymer obtained from a 10 wt% solution is designated as PP10%, while the disentangled
polymer obtained from a 2 wt% solution as PP2%.
2.3. ECMAE sintering of PP
ECMAE sintering was carried out in three stages:
obtaining a compacted sample, pre-heating the sample, extrusion of the sample. At the first stage, the
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20 to 185 °C, with the rate of 10 °C/min, under nitrogen flow. The weight crystallinity Xc, was estimated on the basis of the heat of melting of the sample using Equation (1):
Xc =

Figure 1. a) Scheme of ECMAE process: 1 – die, 2 – punch,
3 – polymeric billet, 4 – subsidiary billets. Only
one segment is shown here. (Adapted from [43]) ;
b) The sketch of channel arrangement in the applied D + C route.

powder was introduced into a cylindrical press mold
with an internal diameter of 15 mm and a channel
length of 90 mm and compacted with a rod (3 fillings with pre-pressing); the resulting billet 55 mm
long was pressed out of the mold. At the second stage,
the sample was heated in an oven to T = 130 °C for
15 minutes, i.e., below the melting temperature
(~165 °C). At the third stage, ECMAE was carried
out by pressing the hot sample through a device consisting of several pairs of channels of the same diameter intersecting at varied angles θi: θ1 = 135°,
θ2 = 90°, θ3 = 135° (Figure 1). The inlet and outlet
channels were made vertically coaxial to keep the billet pointing in the right direction. A detailed description of ECMAE is presented in Beloshenko et al.
[46]. ECMAE parameters were: the deformation intensity ΔΓ = 0.83, the accumulated strain e = 8.5.
The deformation route was D + C, as in Figure 1,
with the extrusion temperature of 130 °C and the extrusion rate of 0.6 mm/s. The maximum pressure
during ECMAE was 360 MPa.
The primary benefit of route D + C is that the plastic
deformation is accumulated inside the polymeric billet while its shape is restored due to the sign-alternating character of the spatial arrangement of the
shear vectors in mutually perpendicular deformation
channels planes.

2.4. Characterization
Thermal analysis of PP samples was conducted
using the differential scanning calorimeter (DSC) TA
Instruments Q20 (Thermal Analysis, USA). The melting thermograms were recorded during heating from
943

Dhf
$ 100%
Dhf100

(1)

where Δhf is the heat of melting of the sample determined from the DSC melting curve and Δhf100 =
209 J/g [47] is the heat of melting of 100% crystalline PP.
The density of extruded material was determined
using a pycnometer filled with ethanol, according to
PN-EN ISO-1183-1 standard. The sample mass was
at least 1 g. The measurements were repeated at least
three times.
The morphologies were examined using the scanning electron microscope Jeol JSM 6010LA (SEM)
with high vacuum mode and accelerating voltage of
15 kV. Cryogenic fracture and selective etching after
microtoming were applied to reveal the inner structure of PP. For the cryogenic fracture, the samples
were placed in liquid nitrogen for 15 minutes; finally, the samples were cryogenically fractured along the
extrusion direction. Some samples for microscopic
studies were prepared by etching. Before etching, the
samples were cut with a microtome (Tesla) equipped
with a glass knife in order to expose a flat and smooth
cross-section surface. PP samples were permanganate
etched according to the procedure developed originally by Olley et al. [48]. Typically, samples were
etched for 1 hour at room temperature in the mixture
containing 1 wt% of KMnO4 dissolved in a
1:1 vol./vol. mixture of concentrated sulfuric and
phosphoric acid. Details of the procedure are given
in [49]. Afterward, exposed surfaces of samples were
coated with a fine gold layer (about 10 nm thick) by
ion sputtering.
Three X-ray methods were used for the determination of the structure before and after ECMAE process.
Wide-angle X-ray scattering (WAXS) camera was
used for the determination of lamellar orientation. 2-D
WAXS images were registered with a flat X-ray
camera equipped with imaging plates (Fuji) and coupled to Cu Kα source (sealed tube operating at 30 kV
and 50 mA, Philips). Exposed imaging plates were
analyzed with a Vista Scan View system (Durr Dental). In addition, the X-ray measurements were performed with a diffractometer. X-ray diffractometer
in the transmission mode, equipped with a Philips
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points of polymer chains of the amorphous phase, as
well as molten crystalline phase if melting is possible. Evidently, the deeper the chains diffuse, the more
interparticle space is formed, and the particles coalesce more. An additional crystallization may happen
near the grain boundary with the participation of diffusing macromolecules. On the one hand, this crystallization contributes to the strengthening of the interfaces, and on the other hand, may affect the interdiffusion process leading to its hindering.
In this regard, it makes sense to consider the possibility of implementing both of these processes in the case
of ECMAE-sintering, after comparing the structures
of the initial and preliminary compacted samples.

generator and an X-ray tube of Cu Kα line radiation,
was used for this purpose. The radiation was registered as a function of the 2θ angle by a scintillation
counter; the measurement step was 0.05°.
Small-angle X-ray scattering (SAXS) was used for
the determination of structural changes during deformation, among them for the determination of a long
period. A 1.2 m long Kiessig-type SAXS camera was
coupled to GeniX Xenocs X-ray system (Cu Kα,
wavelength 0.154 nm, operating at 50 kV and 1 mA).
The scattered radiation was recorded by Pilatus 100K
detector. The SAXS system allowed for the resolution of scattering objects up to 60 nm in size.
The mechanical properties of polypropylenes were
tested during uniaxial compression using the Instron
5582 tensile testing machine. The temperature of the
test was 25 °C. The sample was compressed at a rate
of 5% of the initial thickness per minute. The samples were cylindrical in shape with 12 mm diameter
and 5 mm thickness. From materials processed by
the ECMAE method, they were cut in two directions:
perpendicular to the direction of extrusion and parallel to this direction. The number of samples tested
was limited to three by material availability, but the
analysis of the force-displacement curves showed
good repeatability of results.
Microhardness, H, was determined using a microhardness tester. The indenter was a tetrahedral diamond pyramid with a vertex angle of 136°. The
pyramid was fluently pressed unto the sample at the
loading of 0.5 N. The value of microhardness was
estimated by the formula H = 0.1854 F/d2, where F –
loading [N], d – diagonal of the indentation [mm],
and d2/0.1854 – area of the lateral surface of produced pyramidal indentation. For H, the relative error
was not higher than 5%.

3.1. Morphologies of preliminary compacted
samples
The preliminary compaction process with annealing
at an extrusion temperature of 130 °C for 15 minutes,
giving samples to ECMAE, should result in closer
contact between the powder particles. To assess this,
morphologies were analyzed using a scanning electron microscope. Figure 2 shows the morphologies of
the powders after polymer compaction. It can be seen
that such preliminary processing of PP samples preserves the structure of individual particles tightly
pressed against each other. Nevertheless, in the case
of PP2%, in contrast to PP10%, there is a certain
number of chains connecting the particles together.
An example of combined PP2% grains is shown by
the arrow in Figure 2d. The enlarged number of chains
connecting grains confirms the greater ability to combine grains containing partially disentangled macromolecules. The grain size is similar in both materials
and is typically 20–50 µm. The initial compaction
process consolidated the powders into the solid samples of a shape suitable for ECMAE processing.

3. Results and discussion
During the processing of polymer powders by the
ECMAE method, two processes occur in parallel and
partly at the same time. These are grain sintering,
leading to the formation of a uniform material and
plastic deformation of the crystalline and amorphous
components of a polymer. The conventional sintering process is often studied in terms of two processes: interdiffusion and crystallization or entangling of
diffusing macromolecules. These processes determine the efficiency of consolidation and the final
properties of the material. The interdiffusion process
in the solid state is diffusion across particles contact

3.2. Crystallinity of materials
Conventionally sintered at elevated temperatures
(close to or above the melting point), polymers exhibit two melting peaks, revealing the presence of
both nascent and melt-recrystallized materials [50].
In addition, as melt-recrystallized polymers are less
crystalline than nascent ones, partial melting is accompanied by a progressive loss of crystallinity degree [50]. That is why DSC tests were conducted to
find out whether the crystallinity significantly
changes during compaction and ECMAE sintering
steps.
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Figure 2. Morphologies of compacted polypropylene powders before ECMAE extrusion. Fractured samples were observed
by SEM: (a–b) PP entangled (PP10%); (c–d) PP disentangled (PP2%).The arrow shows highly oriented fibrils,
bonding two grains.

It is seen that the thermograms of both ECMAE-sintered disentangled and entangled PP display a single
melting peak centered at Tm of around 165 °C, originating from the nascent powder crystalline phase. Besides, the lack of any low-temperature peaks associated with the melt-recrystallized phase demonstrates
the absence of a recrystallization process during
ECMAE sintering. At the same time, for both PP
powders, the ECMAE sintering induced almost the
same crystallinity degree increment of 5–9% (the
powder crystallinities were 44–46% and the extrudate crystallinities were 51–53%), indicating that the
content of the new crystallites formed in the extrudates was subequal.
A possible reason for increasing the degree of crystallinity of the extrudates may be the strain-induced
crystallization, in which an initially amorphous phase
becomes ordered during deformation and undergoes
a phase transformation into a crystalline one [51].
This assumption is also confirmed by the fact that

Figure 3 shows the DSC melting curves of nascent
PP powders, preliminary compacted, as well as
ECMAE-sintered PP. Table 1 provides detailed information on the melting temperature and crystallinity.

Figure 3. DSC melting curves of the PP nascent powders,
after preliminary compacting and after ECMAEsintering of PP. The curves are shifted vertically
for better visualization.
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Table 1. Thermal properties of PP2% and PP10%. Tm – melting temperature, ∆Hm – enthalpy of melting, X – crystallinity.
Tm
[°C]

Material
PP entangled
(PP10%)

PP disentangled
(PP2%)

ΔHm
[J/g]

X
[%]

nascent powder

163.5

96.3

after preliminary compacting

165.2

97.5

46.0
46.7

after ECMAE

165.2

105.6

50.5

nascent powder

164.7

92.2

44.0

after preliminary compacting

161.4

97.6

46.7

after ECMAE

164.6

110.0

52.6

the rubbery state, the reptation time, τ, correlates with
the time needed for the chain to pass over the interface [52–54] and can be calculated via Equation (2):

preliminary annealing at extrusion temperature for
15 minutes and subsequent compaction without
straining did not lead to an important change in the
degree of crystallinity (Table 1). Since the strain-induced crystallization could occur everywhere in the
amorphous phase, it can be assumed that the new
crystallites were able to form both at interfaces and
within the particles.
Interestingly, in the literature can be found that the
sintering by equal channel angular pressing with back
pressure (ECAE-BP) leads to a decrease in the crystallinity degree of polymers [38, 39]. The reason for
different behavior in changing the degree of crystallinity in the case of ECAE-BP and ECMAE can
be a different value of the accumulated deformation
(2.0 in the case of ECAE-BP and 8.5 for ECMAE).
According to Deplancke et al. [26], the deformation
required for the strain-induced crystallization is
achieved with a high degree of drawing, λ ≈ 3. Thus,
strain-induced crystallization, which happens at high
strain, could not provide the limitation of the chain
interdiffusion at low strains, and finally, sufficient
amounts of the chain could diffuse through the interfaces of the sintered PP products.

3

0.5 2

M
x = 3xs T M Y #1 - T e Y
Me
M

&

(2)

where τs is given by Equation (3):
2
2 M

t R Me
xs =
2
3r kB Tmo

(3)

where τs is the relaxation time in monomeric scale,
M is the molecular mass, Me is the molecular mass
between entanglement knots, ρ is monomeric friction coefficient, R is the radius of gyration, kB is
Boltzmann constant, T – absolute temperature, mo –
the molecular mass of monomer [55]. Calculations
based on known Me values and data from Vega et al.
[55] show that the reptation time is 3 s for the disentangled PP2% and 5 s for the entangled PP10%, i.e.,
the ratio of these times is equal to 0.6. Hence, at the
same extrusion temperature, the disentangled PP has
a shorter reptation time than entangled PP, which indicates the less restraining effect of neighboring
chains on interdiffusion in the former case. However,
since the presence of the crystalline phase limits the
mobility of macromolecules, fragments of the macromolecules (so-called ‘slacks’ [56]) rather than entire
chains participate in the consolidation process. The
calculated reptation times are shorter than the duration of ECMAE experiments.
In solidified polymers, all entanglement knots are rejected from crystals into amorphous layers, accumulated there mostly without further disentanglement.
Since the entanglement knots are formed by the crossings of two chains and the formation of an entanglement knot by the three chains is less probable, then
the network of entanglements can be treated at first
approximation as two dimensional, and then the number of entanglement knots is reciprocal to the second
power of Me. In PP2% the Me is equal to 18 000 g/mol
while in the virgin PP Me is 9900 g/mol and in

3.3. Interdiffusion process and
accommodation of deformation
Although the crystalline phase can partially transform into the amorphous phase during plastic deformation and thus participate in the interdiffusion
process, the observed increase in the degree of crystallinity in the case of ECMAE (Table 1) indicates a
low probability of this process even at high strain region. Thus, at ECMAE, particles of PP would coalesce throughout the interdiffusion of chains of amorphous phase across their contact interfaces. Wherein
the amorphous phase with a lower degree of entanglement should be more capable for diffusion across
particles contact regions.
Indeed, in the framework of the reptation theory,
which describes the diffusion of chain polymers in
946

Pawlak et al. – eXPRESS Polymer Letters Vol.15, No.10 (2021) 940–956

PP10% is 12 600 g/mol [20] hence the number of
knots in PP2% is 3.3 times less and in PP10% is
1.6 times less than in the virgin PP.
Earlier authors modeled consolidation using the classic reptation theory, but Deplancke and coworkers
[25, 26] have demonstrated that diffusion and entanglement across grain boundaries can take place much
more rapidly than is predicted by reptation-based
models by following different kinetics. Working on
UHMWPE moldings made from as-polymerized reactor powder, they carried out tensile tests at 200 °C,
which showed that the effects of sintering time ts on
stress-strain curves were relatively small, with ts ranging from 0.25 to 100 hours, while the sintering temperature had a much stronger effect on the mechanical properties. From these observations, Deplancke
and coworkers [25, 26] concluded that chain diffusion and entanglement are dominated by ‘sideways’
motions (normal to the chain axis) of large chain
loops, which are able to bond particles together much
more rapidly than the chain-end reptation. In the
present context, the speed at which chain loops bond
particles together during compression molding raises
questions about their ability to resist gradual pullout during mechanical tests at room temperature. If
the mechanism of the sideways motion of large chain
loops is correct, the disentangled PP2% sample
should sinter more than PP10% and entangled PP
nascent powder. The deeper the chains diffuse and
overlap, the larger is the interpenetration distance
and the higher the interfacial volume, as the particles
coalesce more.
The higher interfacial volume of disentangled PP
compared to entangled PP is confirmed by SEM investigation. Micrographs shown in Figure 4 indicate

that the particles coalesce more in the case of disentangled PP. Moreover, the particles in the disentangled PP sample completely coalesce with each other
to the point that almost no intraparticle pores are observed in the micrographs. In contrast, more entangled PP10% shows both voids and cracks at the internal borders in the polymer (marked by red squares).
These results are further confirmed by the compression test results.
In contrast to conventional sintering, which is preceded by a densification stage, in the case of ECMAE,
polypropylene grains move, rotate, and also collapse
and plastically deform, thus adjusting spatially to each
other. The different deformation abilities of entangled/
disentangled PP could exert a significant effect on
the ability of a material to completely accommodate
plastic deformation. Otherwise, accommodation is
only partial. As a result, voids or micro discontinuities
appear between grains, and there is no reduction of
surface energy necessary for the effective ECMAE
sintering.
Details of the structures were further revealed by observations of microtome sliced and etched samples.
Figure 5 shows that for entangled PP after ECMAEsintering, a spherulitic structure is observed with
clear boundaries between spherulites. In contrast, in
the case of disentangled PP, the spherulites are poorly visible. It was hard to distinguish the interspherulitic boundaries, and the structure locally seems
to be more homogeneous but oriented.
The more effective sintering in the case of PP2%
sample was confirmed by the measurements of extrudates densities using pycnometry. The obtained values were 0.8940 g/cm3 for PP2% and 0.8723 g/cm3
for PP10%. Assuming the density of amorphous PP

Figure 4. SEM images of cryo-fractured surfaces of entangled (a) and disentangled (b) PP sintered by ECMAE.
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Figure 5. SEM images of entangled (a) and disentangled (b) PP sintered by ECMAE. Sample surfaces were prepared by
ultra-microtoming and etched with permanganic etchant.

as ρa = 0.855 g/cm3, the density of crystalline PP as
ρc = 0.946 g/cm3 and crystallinities of extrudates (X)
as in Table 1, i.e., 0.505 for PP10% and 0.526 for
PP2%, it is possible to calculate the contribution of
voids Vo, to the total volume, V, in each material
using Equation (4):
Vo
tX t Q1 - X V
ta
V = 1 - tc -

(4)

The voids contribution was determined as 3.0% for
PP10% and only 0.7% for PP2%, which confirms a
more efficient packing for initially less entangled
polymer (PP2%).
The transformation of the structure is also accompanied by rearrangements at the lamellar scale. It is
known that exposure to high pressure can lead to
phase transitions in PP [57]. The phase transitions in
semicrystalline polymers were also observed in the
case of solid-state ram extrusion [58] as well as in
the ECMAE [59]. However, such a phase transition
is not observed in the case of ECMAE-sintering of
PP. Figure 6 shows the diffraction for the PP 10%
sample after ECMAE extrusion, also very similar to
the diffraction for PP2% sample (not shown). Peaks
representing scattering from planes in monoclinic α
crystals are visible while the γ-crystallographic form
is not detected (the (117) refection of γ-form at
around 2θ ≈ 20° is not seen while (130) reflection of
α form is well recognized).
The orientation of the crystal phase was analyzed
based on 2D WAXS data. Figure 7 shows the scattering patterns for both kinds of polypropylene samples
investigated in two perpendicular directions. The
scattering of the X-ray beam oriented in the direction

Figure 6. The WAXS diffractogram of PP10% sample after
ECMAE extrusion. X-ray beam was directed in
the extrusion direction.

of extrusion is shown in Figures 7a, 7c. Some relatively weak orientation of the material is visible,
similar in both polymers: PP2% and PP10% and resulting from the alternating character of deformation
in consecutive kinks of ECAE, which leads to nearly
complete removal of the macroscopic molecular orientation after every second kink of ECAE [46]. However, significant differences in the diffraction images
occur when the observation is carried out in the direction perpendicular to the extrusion (Figure 7b, 7d).
The weak orientation is visible in the PP10% sample, while substantial orientation occurs in the PP2%
sample. The vertical scattering coming from planes
(110), (040), (130) of α-phase containing macromolecule chains (Figure 7d) shows that these chains are
oriented with some tilt with respect to the extrusion
direction. Crystalline texturing of the (hk0) planes
with a tilted orientation of the chains with respect to
the ECAE extrusion direction were also observed in
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Figure 7. X-ray diffraction patterns for samples after ECMAE extrusion: a) PP 10% observed in the direction of extrusion,
b) PP10% observed in the direction perpendicular to extrusion, c) PP2% observed in the direction of extrusion,
d) PP2% observed in the direction perpendicular to extrusion.

that the crystal size values in PP2% sample alter
more significantly due to ECMAE shearing.
The samples after ECMAE sintering were also subjected to SAXS tests, recording scattering images in
similar directions as described in Figure 7. The patterns obtained in the direction of extrusion (Figure 8a,
8d) show little orientation of crystals for PP10% and
virtually no orientation for PP2%. When the beam
direction was perpendicular to the extrusion direction, the scattering indicates the significant orientation in the samples (Figure 8b, 8e). Since the maximum scattering intensities in deformed samples are
close to those measured for the initial polymer, it can
be considered that the scattering on nanometer voids
in the structure is negligible. Measurements at the
edge of the sample, where a skin effect could occur,
did not show any significant differences, although the
orientation of the structure was slightly larger there,
giving sharper central scattering (Figure 8c, 8f).
Assuming that the crystals have lamellar shape and
are packed in stacks, it was possible to determine the
long periods of structure, based on the maxima on
horizontal and vertical profiles (I·s2, where I is the
intensity, s – scattering vector, I is corrected applying
the Lorentz correction). From the scattering images
it can be seen that in the horizontal (extrusion) direction, a larger number of oriented structures contribute

the case of ECAE of bulk polypropylene samples
[60–62]. The orientation of polymer chain fragments
in simple shear can be described as flow in low
Reynolds number hydrodynamics (ratio of inertia
and viscous stress). It was well and thoroughly discussed in the monograph of Happel and Brenner [63]
and also in the theory of dispersive mixing [64].
For samples oriented as in Figures 7b and 7d, diffractograms in vertical directions were made. From
these diffractograms, the peak widths at half height
were determined and the characteristic crystal sizes
were calculated using the Scherrer’s approach. The
crystal size in the direction perpendicular to (hkl)
planes, Lhkl, could be calculated from the half-width
of the diffraction peak by using Equation (5):
Lhkl =

0.9m
b cos i

(5)

where λ is the wavelength, β is the half-width of diffraction peak, and θ is the Bragg angle. Measurements were made for scattering on planes (110) and
(040). In the case of PP10%, the same values were
obtained for both planes, i.e., L110 = L040 = 12.7 nm.
Smaller crystal sizes were obtained for the PP2%
sample: L110 = 11.9 nm and L040 = 11.8 nm. Since a
decrease in the density of chain entanglements does
not affect the size of the crystals, it can be concluded
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Figure 8. SAXS scattering from samples after ECMAE: a) PP10% observed in the direction of extrusion, b) PP10% observed
in the direction perpendicular to extrusion, c) PP10% observed in the direction perpendicular to extrusion, but near
the edge of sample, d) PP2% observed in the direction of extrusion, e) PP2% observed in the direction perpendicular
to extrusion, f) PP2% observed in the direction perpendicular to extrusion, but near the edge of sample.
Table 2. Long periods of structures determined from the SAXS patterns. The numbers in parentheses relate to: the values of
the long period, thickness of crystalline part and the thickness of amorphous part in the lamellar stacks, respectively,
all determined from the correlation function.
X-ray direction

Horizontal
In extrusion direction
Vertical
Horizontal
Perpendicular to extrusion direction
Vertical

Perpendicular to extrusion direction,
measured on the edge

Long period
[nm]

Scanning profile direction

Horizontal
Vertical

PP10%

PP2%

12.3
(12.2/9.2/3.0)
14.9
(13.5/7.3/6.2)

12.8
(12.1/9.1/3.0)
13.9
(13.3/7.3/6.0)

15.9
(12.9/9.6/3.3)
15.1
(14.6/8.4/6.2)
16.1
(15.7/11.7/4.0)
13.5
(13.0/6.8/6.2)

16.3
(15.5/11.7./3.8)
14.3
(13.3/7.6/5.7)
16.7
(15.2/11.2/4.0)
13.3
(12.3/6.3/6.0)

volume. The long period values were slightly larger
in the direction of extrusion, which indicated greater
crystal thickness than in the perpendicular (vertical)
direction. Calculations with the use of the correlation
function confirmed the above and additionally
showed that the lamellae with a normal in the direction of deformation were thicker than lamellae with
a normal perpendicular to this direction.
Figures 4 and 5 show that in the entangled PP10%
polymer after the ECMAE process, visible cracks remain at the boundaries between the spherulites, and

to a long period than in the vertical direction. The
determined long periods of structures are summarized in Table 2. This table also includes long periods
and divisions into the crystalline and amorphous parts,
determined from the same SAXS data by the electron density correlation function method. The measured values of the long period were in the range of
12.3–16.7 nm. With a degree of crystallinity of 51–
53%, it meant that the thickness of lamellar crystals
was 6–8 nm. Measurements in the PP2% and PP10%
skin area gave similar results as measurements in
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deformation. Figure 9 presents the stress-strain curves
of compressed disentangled and entangled PP samples
sintered by ECMAE. Evidently, the disentangled
PP is characterized by a significantly higher yield
strength as compared to the entangled PP (Table 4).
However, they have similar Young moduli, which is
probably the result of an equal crystallinity value.
The measured values of the modulus of elasticity are
relatively small, weakly depending on the direction
of compression, and are slightly higher for more entangled polypropylene. The modulus of elasticity is
mainly dependent on the behavior of the amorphous
phase confined between lamellar crystals. There is
a scarcity of those data: the amorphous phase between lamellar crystals in polyethylene has a modulus of the order of 200 MPa [65, 66], but there are
no such data for polypropylene. For further data
analysis, we may assume a similar value of the modulus of polypropylene confined and entangled amorphous phase at room temperature. Disentangled confined amorphous layers of polypropylene must exhibit significantly lower modulus in compression

voids are present in the structure in contrast to PP2%.
It means that the tested materials should differ significantly in mechanical properties.
The samples for microhardness tests were cut in
three directions: in a plane perpendicular to the extrusion direction and in two planes containing the
extrusion direction but rotated by 45 degrees. The
results are presented in Table 3. Comparing the microhardness of samples cut in the selected planes, it
can be seen that the microhardness measured for
PP2% is almost two times higher than those for
PP10%. This confirms a much better consolidation
of the PP2% material processed by ECMAE than
PP10%. Measurements made in two selected planes
containing the extrusion direction, but rotated by
45 degrees, showed significant differences in the microhardness values. The geometry of the ECMAE device is such that although the material obtains a uniform degree of deformation, its structure is oriented
with a symmetry plane instead of axial symmetry.
Compression tests were performed to avoid premature
fracture and cracking as it may occur in the tensile
Table 3. Microhardness values [MPa] for PP2% and PP10%.
In the plane perpendicular to the
extrusion direction

In the plane of the extrusion direction

In the plane at the angle of 45°
to the plane of the extrusion direction

PP2%

PP10%

PP2%

PP10%

PP2%

PP10%

57

28

65

34

35

19

Table 4. Mechanical properties of PP2% and PP10%.
In the direction of extrusion

Perpendicular to the direction of
extrusion

PP2%

PP10%

PP2%

Elastic modulus

[MPa]

420

430

360

390

Yield stress

[MPa]

43.5

12.6

53.9

27.0

1.14

1.11

1.15

1.10

Compression ratio at yield

PP10%

Figure 9. The stress-strain curves of compressed entangled and disentangled PP samples sintered by ECMAE. The samples
were deformed in the direction along (a) and perpendicular (b) to the extrusion direction.
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because crystalline species of partially disentangled
PP are characterized by substantially lower modulus
[20]. These observations agree with the observed
moduli as depicted in Table 4. Considering the consolidation of the material by ECMAE sintering, the
yield stress should be analyzed. According to the
current knowledge, the yield stress is determined by
the easiest crystallographic slip system. Since the
crystals in PP2% are significantly oriented due to
ECMAE the compressive stress must be sufficiently
high in order to generate sufficient shear stress in the
oriented slip planes. The easiest slip system for the
alpha crystals of PP is (100)[001], requiring the generation of shear stress at the level of 22.6 MPa [67].
In a uniaxial compression test, such slip will require
at least 45.2 MPa of uniaxial compression stress for
the (100) crystallographic planes being oriented at
the optimal angle of 45°. It can be seen from Table 4
that the yield stress of PP2% samples is in this range:
43.5 MPa in the extrusion direction and 53.9 MPa in
the perpendicular direction. Evidently, the difference
is caused by the strong orientation of crystals with
macromolecular chains and (100) planes in the extrusion direction. Hence in order to reach the yield,
higher compressive stress is required. On the other
hand, PP10% shows much lower values of the stress
at the yield point, which indicates that the plastic deformation resulted from a number of weak elements
and defects due to much lower compactness and cohesion.
High load values that the PP2% sample could bear
(i.e., yield strength) mean also significantly enhanced interfacial strength [50]. Since the degree of
crystallinity of ECMAE-sintered entangled and disentangled PP is approximately the same (Table 1), it
can be concluded that the main contribution to the
enhancement of interfacial strength is by chains located at the interphase. The observed almost two times
higher values of yield strength in the case of PP2%
as compared to PP10% (Table 4) are a qualitative
sign of an improvement in the interfacial strength associated with chain penetration by reptation and
chain loops sideways motion across the interfaces of
powder particles. Thus, these processes determine
an improvement in the interfacial strength during
ECMAE powder sintering. The lower the entanglement degree in the nascent PP powders, the more PP
chains are capable of crossing the interfaces in the
process of ECMAE-sintering.
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4. Conclusions
Samples of the same polypropylene, but significantly different in the density of entanglement of macromolecules, were subjected to the plastic deformation
by extruding through the equal channel multi-angle
device, i.e., using the ECMAE method. Already at
the stage of preliminary consolidation of polymer
powders, significant differences were noticed. Grains
of disentangled polypropylene being compressed
into a solid-state more easily compacted together. It
was clearly visible in the microscope. The reason
was the enhanced mobility of macromolecules in
less entangled polymer by reptation or by the sideway motion of chain loops.
The main process of deformation was extrusion
through the multichannel device. Even the external
appearance after the ECMAE process shows the
greater cohesiveness of grains in polypropylene, having initially limited entanglement density. This was
confirmed by the observations with scanning electron microscopy, showing that voids in the structure
between grains, spherulites, and cracks along the
boundaries of spherulites were visible in processed
PP10%. Such phenomena, potentially worsening the
mechanical properties, were not visible in the case
of PP2%, where the micro grains of PP2% powder
bonded efficiently.
In addition to the efficiency of sintering, the subject
of our interest was how the internal structure of polypropylene changes due to extrusion via the ECMAE
method. Orientation of the material was expected.
The SEM micrographs in Figure 5 show the elongated structure of spherulites in PP10% and the destroyed spherulitic structure in PP2%. X-ray examinations using the WAXS method evidenced the material orientation in the direction of extrusion, especially in the case of the PP2% sample. On the other
hand, SAXS studies showed that lamellar stacks are
preferentially oriented in the direction of extrusion.
It was determined that the long periods of structure
and the thickness of the lamellae are greater in the
direction of extrusion than in the direction perpendicular to it. These differences are slightly larger in
PP2%. DSC measurements showed that the orientation in the ECMAE process causes an increase in
crystallinity due to the favorable orientation of the
macromolecules.
The mechanical properties were affected by the orientation of crystallographic (100) planes with the
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