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ABSTRACT: The effect of accumulated deformation and deformation routes in the course of equal-channel multiple angular extrusion

(ECMAE) on physical and mechanical properties of polyethylene (PE) differed in molecular mass (MM) has been studied. As defor-

mation routes, route C (shear planes are parallel, and the simple shear direction of every deformation zone is changed through 180�)
and route E (shear planes are turned through 645� around the extrusion axis and the normal to the axis, and simple shear direction

is changed through 180� or 690� with respect to the deformation zone) were selected. It has been shown that ECMAE provides the

increase of microhardness H, modulus of elasticity E, and tensile strength rT up to 4.5 times with strain at break eb staying practically

at the level of eb of the initial material. The value of the effects achieved depends on MM, accumulated deformation and the selected

deformation route. The best set of physical and mechanical characteristics was observed in the case of route E. The observed effects

are related to the formation of a special orientation order and increased degree of crystallinity of extrudates. According to SEM data,

route C results in mostly uniaxial orientation of macrofibrils at an angle of 35� to the direction of extrusion, and formation of a part

of tie fibrils and macrofibrils oriented perpendicularly to the main orientation. The route E produces biaxial orientation of macrofi-

brils. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Solid-phase structure modification of polymers includes a

number of methods based on plastic deformation and aimed at

formation of a highly oriented state.1 These methods include

tensile stretching, uniaxial compression, rolling, drawing, plane

strain compression, ram, and hydrostatic extrusion.1,2

The whole variety of the methods of solid-phase molecular ori-

entation can be divided into two groups. The first group

includes methods based on polymer billet deformation accom-

panied by form change (stretching). The second group unites

processes based on simple shear not related to form and size

change. The most far-famed is equal-channel angular extrusion

(ECAE).2,3

In the course of ECAE, a billet is pressed through two channels

of equal cross-sections intercepting usually at 90�. A peculiarity

of ECAE is a possibility of realization of different deformation

routes to generate manifold molecular orientation. They

include: route A when the orientation of the billet remains the

same at the every pass; route B when the billet is rotated 90�

clockwise and counterclockwise alternatively around the longi-

tudinal axis after every extrusion cycle; route C when the billet

is rotated 180� around the longitudinal axis after every extru-

sion cycle; route D when the billet is rotated 90� clockwise

around the longitudinal axis after every extrusion cycle.3

Only two polymer deformation routes have been studied to

date: route A and C. According to Refs. 4–6, the global molecu-

lar orientation is formed in the course of polymer processing

along route A. In the case of route C, local molecular orienta-

tion is created. Orientation degree is determined by the value of

accumulated deformation (the number of passes through inter-

secting channels). Due to the structure transformation, there is

an increase of modulus of elasticity and tensile strength of crys-

tallizing polymers, as well as, in the plasticity and impact

strength of amorphous polymers. However, the results listed in

Refs. 7–13 do not always confirm this fact. The reason is that

ECAE was carried out at room temperature, which is far from

the optimum one. For instance, according to Ref. 6, extrusion

temperature of 423 K is the optimum one for polyamide-6.

Extrusion at lower temperatures results in the mechanical

VC 2012 Wiley Periodicals, Inc.
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destruction of polymeric chains prevailing over orientation

strengthening in view of limited molecular mobility. At the

same time, multiple-pass ECAE at higher temperatures provides

higher accumulated deformation but makes the process ineffec-

tive because of stress relaxation at cooling and the subsequent

heating of the deformed polymer.

In Refs. 14–17, application possibilities of a new method of

solid-phase processing based on simple shear deformation are

studied, i.e., equal-channel multiple angular extrusion for struc-

ture modification of semicrystalline polymers. A peculiarity of

equal-channel multiple angular extrusion (ECMAE) is that sev-

eral zones of shear deformation are present within one device

permitting the accumulation of high plastic deformation per

one cycle. It has been shown that ECMAE does not modify the

form of the initial billet but significantly increases the strength

and rigidity of the tested materials and conserves high level of

plasticity. At the same time, distinct from traditional solid-phase

extrusion through a conic die, low anisotropy of strength prop-

erties at longitudinal and transversal sections of the processed

articles is achieved through ECMAE.

The published results of Refs. 14–17 are related mostly to poly-

amide-6. This polymer does not allow realization of large

stretching at solid-state extrusion without preliminary plasticiza-

tion.18 This fact complicates the attainment of highly oriented

samples with maximum achievable deformation and strength

characteristics. This problem can be eliminated by the use of

polyethylene (PE) as a test subject easily amenable to solid-

phase orientation.19 In this article, three types of PE differing in

the molecular mass (MM) are tested to establish the effect of

the degree of plastic deformation and deformation route of

ECMAE on their structure and properties.

EXPERIMENTAL

The process was implemented using a plant mounted at a hy-

draulic press of 1370 kN force (140t). Figure 1 demonstrates

ECMAE scheme. A polymer billet is pressed through a device

consisting of several pairs of channels of the same diameter

intersecting at varied angles hi. The inlet and outlet channels

were made vertically coaxial to keep the billet pointing to the

right direction. Inclined channel pairs form so-called knee. Posi-

tion of the knee can be changed by turning the channels around

the vertical axis. The control over the position of the shearing

plane in the space guarantees different variants of deformation

spatial development. Figure 1 shows also the positions of deforma-

tion channels plane used in the work. They support the shear

planes are parallel, and the simple shear direction of every defor-

mation zone is changed through 180� (route C) or shear planes are
turned through645� around the extrusion axis and the normal to

the axis, and simple shear direction is changed through 180� or

690� with respect to the deformation zone (we call it route E).

The plastic deformation intensity DCi and the value of accumu-

lated deformation e were determined by the formula:15

DCi ¼ 2ctghi (1)

e ¼ 2
Xn
i¼1

ctghiffiffiffi
3

p ; (2)

where hi is the half-angle of channel intersection, n is the num-

ber of channel intersection angles.

Force mode of pressing was registered by pressure sensor SEN

8600 (Kobold) built-in in hydraulic cylinder. Temperature of

extrusion was controlled by a thermocouple supplied on

deforming channels. Temperature control and registration of

extrusion pressure was done with the universal measuring con-

troller TRM-151-01, Owen, Ukraine. Observational temperature

accuracy was 0.1 K, the pressure accuracy was 1 � 10�4 MPa.

The temperature of the deforming block within the container

was maintained with accuracy of 61 K. Working pressure at the

plunger was estimated as:

P ¼ P1 � S1
S2

; (3)

where P1 is the reading of the built-in pressure sensor, S1 and

S2 are the areas of cross-sections of the press and the plunger,

correspondingly.

For the attaining of a uniform deformation over extrudate

length and avoiding the bending of extrudate ends, we used

Figure 1. Scheme of ECMAE process: 1—die, 2—punch, 3—polymeric billet, 4—sacrified billets.
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sacrified billets placed ahead of and behind the studied object.

An incoming billet acted as the upper sacrified billet when a se-

ries of extrudates was produced.

As test subjects, high-density polyethylene CESTILENE HD500

and HD1000, QUADRANT and ultra-high-molecular-weight

polyethylene (UHMWPE) were selected, that differ in the MM.

Average MMs Mw were 0.5 � 106, 1.0 � 106, and 2.0 � 106,

correspondingly. The billets of the required size (15 mm in di-

ameter, 50 mm in length) were obtained by hot pressing

(UHMWPE) or mechanical processing of extruded rods of 16

mm in diameter (HD500 and HD1000).

We chose the method of microhardness H measurement as one

of the basic investigation methods. This allowed us not only to

simplify the mechanical testing but also to obtain information

on the uniformity of the strain over a section of the extrudates.

Since the microhardness of polymers is proportional to the yield

strength ry,
20 the microhardness distribution suggests the strain

uniformity. Microhardness H was determined using a micro-

hardness tester of the PMT-3 type. The indenter was a tetrahe-

dral diamond pyramid with the vertex angle of 136�. The pyra-

mid was fluently pressed into the sample at the loading of 0.5N.

The value of microhardness H was estimated by the formula

H ¼ 0:1854 F
d2
, where F—loading, N; d—diagonal of the inden-

tation; d2/1.854—area of the lateral surface of produced pyrami-

dal indentation. For H, the relative error was not higher than

5%. The uniformity of H distribution over the sections of

extrudates was estimated by value of dispersion DH determined

by the formula:

DH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

nðn� 1Þ
Xn
i¼1

ð �H �HiÞ2
s

; (4)

where n—number of measurements, Hi—result of an individual

measurement of microhardness value, H—average microhard-

ness value. The value of microhardness anisotropy DH charac-

terizing the difference in the strength properties in longitudinal

and transverse sections of extrudates was estimated by the for-

mula:21

DH ¼ 1�
�H
?

�H
k ; (5)

where H?, Hk—average values of microhardness in cross and

longitudinal sections of extrudates, respectively.

The dumb-bell shaped specimens (head size, diameter 10 mm;

length, 10 mm; working-part size, diameter, 5 mm; length, 30

mm) were subjected to tensile tests. The specimens were cut

along the direction of extrusion. The supporting platforms trav-

elled at a velocity of 10 mm min�1. The average values of yield

strength ry, tensile strength rT, modulus of elasticity E, yield

strain ey, strain at break eb and standard deviations were deter-

mined from testing five specimens of each sample.

The density of specimens q was determined by hydrostatic

weighing (a balance of the AX200 type, Shimadzu Co.).

The volume degree of crystallinity (vqC) was calculated using the

following relationship:

vqc ¼ q� qað Þ= qc � qað Þ; (6)

where qa and qc are the densities of polymer amorphous and

crystalline phases, respectively (for PE, qa ¼ 0.850, qc ¼ 1.003

g/cm3).22

The differential scanning calorimetry (DSC) was performed

using a thermoanalytical complex DuPont 9900. The heating

rate was equal to 20 deg/min, the weight mass—15 mg. En-

thalpy of fusion, DHf, was determined by integrating the area

under the baseline correct thermogram. Percentage crystallinity

vDSCC was calculated from the ratio of DHf/DHf100%, where

DHf100% is the enthalpy of fusion for a fully crystalline polymer

(for PE, DHf100% ¼ 290 J/g).23

For the determination of the thickness of crystalline stem lc, the

Gibbs-Thomson equations were used:

lc ¼ 2reT0
m

Dhf ðT0
m � TmÞ ; (7)

where re is the lamellar basal surface free energy (for PE, re ¼
9 � 10�6 J/cm2,24), Dhf is the heat of fusion per unit volume

(for PE, Dhf ¼ 293 J/cm3,25), T0
m is the equilibrium melting

temperature (for PE, T0
m ¼ 418.5 K26).

Scanning electron microscopy (SEM) was implemented by using

a JEOL JSM-6490 instrument at an accelerating voltage of 15

kV. A conducting layer (25–30 lm—thick golden layer) was

applied to surface under investigation by cathode sputtering

method. The photographs were taken of the surfaces of cross

and longitudinal spallings of original samples and extrudates.

The spalling was made at the liquid nitrogen temperature.

MM characteristics of PE were measured with gel-chromato-

graph ‘‘DuPont’’ at 413 K in o-dichlorobenzene with the use of

bimodal device ‘‘Zorbax PSM.’’ The concentration of the poly-

mer solution was 0.1%.

RESULTS AND DISCUSSION

The main parameters of ECMAE process are deformation inten-

sity (the value of the angle of channel intersection), degree of

accumulated deformation, temperature, rate. and pressure of

extrusion.14–17 Simple shear direction, i.e., deformation route,

affects significantly the character of the formed microstructure

and properties of polymers.4–7,27,28 ECMAE with an alternating-

sign deformation character realized stress-deformed material

state corresponding to deformation route C or to a combina-

tion of varied deformation routes during one cycle (Figure 1).

According to data of Refs. 14, 15, the optimum conditions of

PE ECMAE are DC1 ¼ 0.83, the extrusion temperature of 383

K, the extrusion rate of 0.6 � 10�3 m/s. Used in the present

work, these parameters allowed for the effective realization of

strengthened polymer state with maximal level of mechanical

properties.

Extrusion displacement dependence of ECMAE pressure is of

the same character as in case of traditional solid-phase extru-

sion.2 The material starts extrusion when the pressure reaches

some maximum value Pm, after which the billet moves at lower
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constant pressure. The observed reduction of extrusion pressure

may be attributed to a strain softening phenomenon in poly-

mers, to the self-heating effect, or both.9,29 Maximum extrusion

pressure increases with e growth (Table I). At equal e, absolute
values of Pm in case of route C exceed those of route E. Such a

difference can be related to Bauschinger’s effect,30 that is the

reduction of plastic deformation resistance at alternating-sign

loading determined by the presence of residual stresses. The re-

sidual stresses together with working stress at sign alternation

result in loading reduction. At that, the effect is significantly

weakened at multiple cycle loadings. Bauschinger’s effect will

probably be stronger in the case of route E, which realizes alter-

nating-sign deformation at different planes. The character of

MM effect on the accumulated deformation e dependence of Pm
is in agreement with behavior established earlier for solid-phase

extrusion through a conic die:31 PE with lower MM requires

application of lower pressure at the same e.

Table I lists the average microhardness at longitudinal Hk and

transversal H? sections of extrudates, the anisotropy of micro-

hardness DH, and microhardness dispersion DH at cross-section

of PE samples obtained at varied deformation routes. ECMAE

increases microhardness of both the sections. According to

Ref. 20, the increase of microhardness of crystalline polymers is

related to a higher degree of crystallinity of polymers and/or

formation of orientation order. The last factor also determines

the anisotropy of microhardness phenomenon DH. In the case

of ECMAE, DH is reduced as the accumulated deformation e
increases. Such behavior of DH differs from the traditional vari-

ant of solid-phase extrusion, e.g., extrusion through a conical

die, when DH increases with e rising.16 This fact is determined

by the alternating-sign character of deformation at ECMAE that

forms mainly microscopic molecular orientation within the

extrudate.17 It should be noted that absolute values of DH in

the case of die extrusion significantly exceed those after ECMAE

even at lower e.17

The higher the value of e is and the lower MM, the larger the in-

crement of H. The largest value of PE microhardness is achieved

at accumulated deformation e equal to 9.1. Microhardness of

extruded UHMWPE is increased in 1.5 times, HD1000 demon-

strates an increase in four times, and HD500 yields an increase in

six times. The succeeding increase of e is inexpedient because of

sharp (up to 1000 MPa) enhancement of extrusion pressure. The

use of route E compared to route C at the same value of accumu-

lated deformation provides higher absolute values of microhard-

ness and lower anisotropy. At the same time, more homogeneous

microhardness distribution at extrudate cross-section is achieved.

In the case of HD500 and HD1000, the value of extrudate micro-

hardness dispersion DH exceeds that of the initial polymers but

approaches its value with rising e. DH of initial UHMWPE is

high enough and can be related to the features of its production.

After ECMAE, reduction of DH is observed, which is less essential

in the case of HD500 and HD1000.

Together with increased microhardness, ECMAE provides no-

ticeable increment in the density q, elastic and strength charac-

teristics of polymers: modulus of elasticity E, yield strength ry,
and tensile strength rT measured at stretching of samples cut

off along the extrusion direction (Table II). Plasticity (yield

strain ey and strain at break eb) becomes a bit lower. The

achieved effect is determined by accumulated deformation, de-

formation route and MM.

Table I. Influence of ECMAE on Microhardness of PE

Microhardness, MPa

Routes of
deformation

Accumulated
strain values

Maximum extrusion
pressure, MPa

Molecular mass,
Mw � 106

In cross
section

In longitudinal
section

Microhardness
anisotropy

Dispersion in
microhardness

Initial 0 0.5 36 38 0.06 0.35

1.0 30 32 0.06 0.43

2.0 46 48 0.04 1.50

Route C 4.4 410 0.5 120 142 0.16 1.59

470 1.0 94 113 0.17 1.76

530 2.0 52 57 0.09 0.87

6.7 500 0.5 136 160 0.15 1.03

554 1.0 96 118 0.18 1.04

9.1 580 0.5 152 175 0.13 1.01

590 1.0 105 124 0.15 1.02

680 2.0 58 62 0.07 0.77

Route E 4.4 390 0.5 150 166 0.10 1.17

410 1.0 120 135 0.11 1.19

500 2.0 60 64 0.06 0.80

6.7 470 0.5 164 180 0.09 1.00

485 1.0 125 141 0.11 1.03

9.1 565 0.5 174 189 0.08 0.94

580 1.0 137 150 0.09 0.98
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The increase of accumulated deformation e results in increase of

E, ry, rT, that is more noticeable in the case of PE with lower

MM. With increasing e, the increase in the mentioned proper-

ties becomes slower. This phenomenon is characteristic of

ECMAE of semicrystalline polymers,15,17 differing from such

methods of solid-phase processing as die-drawn, hydrostatic

extrusion, and rolling, where almost linear growth of these char-

acteristics takes place with increase in the accumulated deforma-

tion up to limiting values of the deformation degree.32–34 It

should be noted that in contrast to traditional methods of

solid-phase extrusion aimed at creation of high-modulus states

of crystallizing polymers, ECMAE determines balanced increase

in modulus and strength. At that, the values of elastic and

strength characteristics of PE with ultra-high MM (Mw ¼ 2 �
106) are increased insignificantly after ECMAE, whereas PE with

lower MM (Mw ¼ 0.5 � 106 and 1 � 106) demonstrates the

increase in several times. This fact is explained by competition

of strengthening processes determined by oriented structure for-

mation and softening caused by destruction of macromolecular

chains.35

Figure 2 presents examples of the molecular mass distribution

(MMD) curves of the initial HD1000 and those after ECMAE

that confirm mechanodestruction determined by deformation.

The MMD curve of the initial PE is of unimodal form. ECMAE

results in bimodal MM distribution. A low-polymeric peak

emerges that is shifted toward lower MM with accumulated de-

formation increase, MMD curves widen at the rate of low-poly-

meric fraction formation, their polydispersity increases (Table

III). As in HD500 and HD1000, orientation of macromolecular

chains in the course of extrusion prevails over their destruction,

a significant increase in deformation and strength characteristics

occur. At maximum MM (for instance, UHMWPE), stretching

of chains is limited by connecting entanglements and tie mole-

cules that are broken at deformation. As a result, insignificant

increase in rigidity and strength of extrudates is observed.

The behavior of plastic characteristics in the case of ECMAE

differs from the observed one when traditional schemes of

solid-phase extrusion with typical continuous reduction of plas-

ticity with increase in accumulated deformation.17,34,36 In the

case of ECMAE, starting from definite e, values ey and eb
become constant. The best combination of elastic, strength and

plastic characteristics is achieved by route E. Compared to route

C, the better set of deformation-strength characteristics is

formed at lower e. Extrudate density q correlates to the

Table II. Influence of ECMAE on Physical and Mechanical Properties of PE

Routes of
deformation

Accumulated
strain values

Molecular
mass,
Mw � 106

Density,
g/cm3

Modulus of
elasticity,
MPa

Yield
strength,
MPa

Tensile
strength,
MPa

Yield
strain, %

Strain at
break, %

Initial 0 0.5 0.966 400 25 28 35.0 650

1.0 0.962 220 20 22 30.0 520

2.0 0.942 690 35 38 3.5 12.6

Route C 6.7 0.5 0.971 1200 87 90 34.0 605

1.0 0.970 625 60 64 24.0 450

9.1 0.5 0.974 1350 92 95 34.0 600

1.0 0.970 690 62 65 24.0 448

2.0 0.950 900 49 54 3.2 11.5

Route E 6.7 0.5 0.980 1680 112 115 34.2 620

1.0 0.976 870 84 88 24.4 480

9.1 0.5 0.986 1870 120 122 34.6 625

1.0 0.980 950 90 95 24.6 505

2.0 0.952 1080 55 59 3.3 11.9

Figure 2. Differential curves of MMD of the initial HD1000 and one after

ECMAE, route C.

Table III. Influence of ECMAE (route C) on the Molecular Characteristics

of HD 1000

Accumulated
strain values Mw Mn Mw/Mn Mz

0 1,026,000 8,93,000 1.15 1,153,000

6.7 8,65,000 4,31,000 2.01 1,280,000

11.4 8,60,000 3,74,000 2.30 1,103,000
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evolution of strength characteristics. The maximum growth is

achieved at route E (Table II).

The increase in microhardness and strength characteristics of

extruded PE is determined by both formation of oriented

structure and enhanced degree of crystallinity of the samples.37

The last fact is confirmed by calculation of crystallinity degree

using density measurements and DSC (Table IV). DSC curves

of PE extrudates indicate an increase in onset temperature,

shift of the main melting peak toward higher temperatures

and emergence of additional high-temperature melting peak

(Figure 3). In the case of route E, melting peaks are located at

higher temperatures and have areas bigger of those of samples

deformed by route C. This temperature behavior can be

related to destruction caused by deformation of thin crystalli-

tes and conserved or increased fraction of large crystallites due

to crystallization induced by deformation. The last fact is con-

firmed by gain in total ennthalpy of fusion DHf (Table IV).

The origination of analogous melting doublet at DSC curves

was noticed in Refs. 33, 38, 39 being related to formation of

two types of crystal structures which differ in the degree of

crystallite perfection.

The reduction of peak width observed in the case of PE samples

subjected to ECMAE can be determined by decrease in disper-

sion of crystallite width. At the same time, partial increase in

the thickness of crystalline stem lc takes place (Table IV). The

highest values of lc are achieved after processing by route E.

One can notice a small, systematic deviation of the density-

based degree of crystallinity toward higher values as compared

with respective values estimated from DSC data. Similar differ-

ences of crystallinity estimated from the heat of melting and

density are frequently observed for many semicrystalline

polymers.40

Figure 4 presents images of the brittle fracture surface of the

initial HD1000 and subjected to the ECMAE process. The ini-

tial polymer has uniaxial spherulitic structure [Figure 4(a)].

ECMAE results in uniaxial (route C) or biaxial (route E)

stretching [Figure 4(b,c)]. The scheme is presented in Figure

4(d–f). Inside the spherulite volume, rearrangement of lamellae

into macrofibrils takes place. In the case of route C, macrofi-

brils are formed mostly at an angle close to 35� to the extru-

sion direction; at the same time, some part of macrofibrils is

directed normally to the main orientation [Figure 5(a)]. In

the case of route E, biaxial orientation of macrofibrils is

formed [Figure 5(b)]. Analogous structure reconstruction is

also observed in the case of HD500. The only difference is

that cross-sizes of macrofibrils are smaller than those of

HD1000.

It is known that after solid-phase extrusion,34 when the process

of rearrangement of the initial structure into a macrofibrillar

structure finishes, further plasticity of extrudates depends on

the degree of orientation of polymeric chains, structure of inter-

fibrillar spaces, (i.e., by connectivity and density of packing of

fibrillar structural units) and ability of all fibrillar morphologi-

cal units to slip along one another. The last phenomenon is

accompanied by intracrystalline slip, migration of defects

through crystallites, an increase in orientation of molecular seg-

ments in disordered intra- and inter-fibrillar regions and

increasing amount of taut tie molecules.

In the case of route E, realization of these processes without

development of a main crack (i.e., conservation of plasticity of

extrudates) is probably determined by formation of biaxial ori-

entation of macrofibrils and defect boundaries (Figure 6) that

restrain crack evolution. The last fact is provided for by forma-

tion of more perfect crystallites (according to DSC data) and

ejection of various conformational defects (like chain ends,

loops, trapped entanglements, tie molecules etc.) into the intra-

or inter-fibrillar space because there is not enough free volume

Table IV. Influence of ECMAE on the Structural and Thermophysical Characteristics of HD 1000

Temperature of
melting peak,

Tm, K
Degree of

crystallinity, vc, from

Routes of
deformation

Accumulated
strain values Tm1 Tm2

Enthalpy of
fusion, J/g DSC Density

Crystalline stem
thickness, lc, nm

Initial 0 403 182 0.63 0.75 16

Route C 9.1 407 409 215 0.74 0.80 27

Route E 9.1 409 411 226 0.78 0.87 34

Figure 3. DSC traces for specimens of initial HD1000 and after different

ECMAE routes.
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for them in the crystallites. In the case of route C, the level of

plastic characteristics is lower, being related to smaller number

of interwoven macrofibrils. At the same time, we can observe

formation of a lot of tie fibrils are oriented not parallel to the

extrusion direction, but almost perpendicular to it (Figure 7),

also contributing to conservation of plasticity.

Formation of interwoven macrofibrils as well as their orienta-

tion at an angle to extrusion axis determines low anisotropy of

microhardness DH. The results of structure tests are in agree-

ment with DH measurements: the lowest values are achieved

along route E, where biaxial orientation of macrofibrils is

observed.

Formation of mainly uniaxial oriented structure in the case of

route C and biaxial oriented structure at route E is confirmed

also by the results of dilatometric analysis. Figure 8 presents

elongation Dl/l0 of the initial and deformed PE samples at heat-

ing. The initial sample behaves as usual within the whole stud-

ied temperature region. Its length increases with the tempera-

ture rising due to thermal expansion. ECMAE deformation

changes the character of Dl/l0(T) dependence. In the case of

Figure 4. SEM images (a–c) and spherulite transformation schemes of HD1000 (d–f): (a,d)—the initial one; (b,e)—after ECMAE, route C; (d,f)—after

ECMAE, route E.
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route C, samples cut from extrudates perpendicular to polymer

extrusion direction demonstrated Dl/l0(T) dependence analo-

gous to those of the initial material, and absolute value of Dl/l0
increased with heating. The increase of Dl/l0(T) in comparison

with undistorted materials was determined by both extrudate

Figure 6. SEM images of spherulite boundaries of HD1000. (a) the initial

one, (b) after ECMAE, route E.

Figure 7. SEM images of tie fibrils of HD1000 after ECMAE, route C.

Figure 8. Temperature dependences of the elongation of the initial

HD1000 samples and those after ECMAE. TD is the transversal direction,

LD is the longitudinal one.

Figure 5. SEM images presenting macrofibrillar structure of HD1000 after

different ECMAE routes. (a) route C; (b) route E.
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density increase and the presence of compressed amorphous

phase located between crystal lamellae. The samples cut across

the extrusion direction, Dl/l0 was reduced within the whole

studied temperature region that was related to the relaxation of

the deformed amorphous phase located between crystal lamellae

followed by length reduction. The absence of Dl/l0 growth until

the melting temperatures of extrudates is determined by signifi-

cant stretching of the amorphous phase, enhanced degree of

crystallinity, as well as restraint of amorphous phase relaxation

by deformed crystallites.41

In the case of route E, the samples cut off both in the longitudi-

nal and transversal direction demonstrated Dl/l0 reduced within

the whole temperature range. This character of Dl/l0 dependence
is an evidence of significant stretching of amorphous phase and

restrained relaxation of amorphous phase by deformed crystal-

lite in both directions.

Heating up to a temperature of 333 K does not change the

value of Dl/l0 of the initial PE. After ECMAE along C and E

route, these temperatures become 340 and 346K. The increase

of the temperature of thermal shrinkage activation can be

related to effect of molecular orientation and to the growth of

the degree of crystallinity of extrudates.

CONCLUSIONS

The obtained results allow a conclusion that ECMAE is an effec-

tive method of solid-phase structure modification of PE that

contributes to the set of physical and mechanical properties at

conserved high level of plasticity. The main parameters deter-

mining effect of ECMAE is deformation intensity, value of accu-

mulated deformation, extrusion rate, and temperature, MM of

the polymer and deformation route.

Reduction of polymer MM within the studied region of MM

provides higher increase in rigidity and strength, reduced ani-

sotropy of microhardness and yield stress, and conservation of

higher level of plasticity. The best set of deformation and

strength characteristics, the lowest anisotropy of the properties

in longitudinal and transversal directions is observed in the case

of route E. The obtained result is related to higher content of

crystal phase and degree of crystallite perfection in comparison

with route C as well as formation of biaxial-oriented macrofi-

brillar structure.
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