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ABSTRACT

This work investigates high pressure behavior af tifferent, commercially avail-
able poly(1-butens). Each of the material was salida non-isothermal crystallization and
melting at pressure range from 20 to 200 MPa at J80d device. After this measurement,
specific pressures were chosen from previous ramgesamples were prepared at these
chosen pressures to investigate influence of notfresmal crystallization and melting at
increased pressures. After preparation, sampleg wetestigated by using wide-angle
X-Ray scattering, differential scanning calorimetdensity measurement and polarized
light microscopy to reveal polymorphic structuregltimg of the sample and its morphol-
ogy. Results showed influence of two homopolymdrpaly(1-butene) at high-pressure

behavior and also influence of pressures on foonaif metastable phase I' and II.

Key words: poly(1-butene), high-pressure crystatian, morphology, thermal behavior

ABSTRAKT

Tato prace se zabyva vysokotlakym chovani dvou ihoyzch, komeéné dostup-
nych, poly(1-butef). Kazdy z materidl byl nejprve podroben neizotermni krystalizaci a
tani v rozsahu tlak20 az 200MPa na #aeni pvT 100. Poté byly z tétady vybrany spe-
cifické tlaky, pro které byly fpraveny samostatné vzorky, z&elem podrobgsiho
zkoumani vlivu neizotermni krystalizace a tatii pvySenych tlacich. Taktofipravené
vzorky byly zkoumany pomoci metody Sirokouhlovétgemografie, diferencialni snimaci
kalorimetrie, néfeni hustoty a optické mikroskopie pro zjiit polymorfni struktury, tani
vzorku a jeho morfologie. Vysledky ukazaly vliv dvéenomopolymek poly(1-butenu) na

vysokotlaké chovani a také vliv thaka tvorbu metastabilnich forem I’ a ll

Kli¢ova slova: poly(1-buten), vysokotlaka krystalizaoerfologie, tepelné chovani
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INTRODUCTION

Polymers are able to replace lots of traditionatemals, often with a better result,
and they are widely used materials in many branohése industry. Most demanded prop-
erties are low cost and high mechanical and chérmroperties of the material. This leads
to high level of competition between different polrs and even between modifications of
the same polymer. Poly(1-butene) is almost as sldadypropylene but its usage is not so
wide-spread. However, in last few years its nundfexpplications is increasing, especially
in pipes for hot water and applications where lagkep resistance or abrasive resistance is

required.

When poly(1-butene) is crystallized on atmosphpriessure from melt, it crystal-
lize in phase II, which is metastable and during €&ys it recrystallizes into stable phase I.
This is combined with high shrinkage and increa¢he mechanical properties. When
poly(1-butene) is prepared under high pressu@ydtallize in phase I'. Different pressure
of crystallization means a different shrinkage rafteriod of time. Mechanism of the phase
transformation is not yet fully discovered andréselation could be a great help in practi-
cal use of poly(1-butene). There are many factuftaencing crystallization, like molecular

weight, heat conduction and pressure of crystaitimeand combination of these factors.

Main goal of this work is to inspect high-pressunen-isothermal crystallization
and melting of the isotactic poly(1-butene) samplied to find how these conditions influ-
ence morphology, phase composition and densithefample. To reveal acquired struc-
ture and phase composition after samples crysatihz at different pressures at pvT 100
device, morphology was studied by polarized lightroscopy, phase composition was
revealed by differential scanning calorimetry (DS&)d wide-angle X-Ray scattering

(WAXS) and density was measured by using laboratoajes.
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1 POLY(1-BUTENE)

Poly(1-butene) belongs to the group of polyolefifigst poly-1-butene was produced
by Nestolen BT by Chemishe Werke Hills in Germaraimed Vestolen BT. It has been
used for water pipes since mid 1960’s. In nowadfagsproduced by LyondellBasell com-
pany. However, poly(1-butene)is still not fully éaped polymer. It has many properties

similar to other polyolefins but also some uncomrporperties. [1]

1.1 Properties of Poly(1-butene)

Poly(1-butene) (PB-1) is thermoplastic polyolefiithwery good mechanical prop-
erties, like a low stiffness, good elastic recoyanmyd very high abrasive resistance, which
is comparable to ultra-high molecular weight pdhyétne in wet conditions. Also its creep
resistance is very high. It posses common progelitie other polyolefins, i.e. chemical
resistance, electrical insulation etc. Resistamcaliphatic hydrocarbons is lower then
polyethylene and polypropylene but resistance taorenmental stress cracking is excellent
When compared to lighter polyolefins (PE,PP), inisre expensive and it's properties are
influenced by crystal structure transformation.Zymmon density is around 0,9 g/cm3,
but this may vary due to phase change (agingmdkecular weight lies between 770 000
and 3 300 000. When crystallized from melt, crysil is 30-35% but after phase change

crystalinity increases to 50-55%. [3]

1.2 Preparation of Poly-1-butene

Poly(1-butene) is prepared by stereospecific Zregl®atta catalyst polymeration of bu-
tene-1 in solvent. This results in linear, isot@cthigh molecular weight and semi-
crystaline polymer. Also metalocene catalyzatorslwaused. During polymerization, cata-

lyzator dissociate and atactic part of the polymeemoved.[4]



TBU in Zlin, Faculty of Technology 13

~ ~
H H H H
I I I I

ne C catalyst - _
I I heat & pressure - I I

H CH- H CH:
I I

CHa CHs | "
p —

1-butene poly{1-butene)

Fig. (1) Scheme of poly(1-butene) polymerization[4]

1.3 Crystal modifications

Polymorphic behavior is very complex, because it ceystallize in various crystalline
forms. There are three different phases, which farther divided into modifications,

marked as '. By using X-Ray diffraction phase | #rednnot be distinguished

1.3.1 Crystal phase | and I

Crystal phase | have 3/1 twinned helix conformatiord hexagonal unit cell (a =

17,7 A and c = 6,5 A).[5] Phase | is product of gghiransformation of phase II.

When the melt crystallization is executed undethhpgessure, phase I' appears,
which has untwined 3/1 helix. Melting temperatuaes different for each phase. Phase |
melts at 130 °C and phase I' melts at 90-95 °C ¢kwengh they show the same crystal
structure. Phase | have heat of fusion 141 J/gd#éjstal phase | is shown at fig. (2)



TBU in Zlin, Faculty of Technology 14

Fig. (2) 3/1 helix packing in form | [5]

However, under specific conditions, phase | castalijze directly from melt under
atmospheric pressure, which is very important malustry. S. Acernion et al. [7] prepared
poly(1-butene) with phase | directly from the mbit employing build-in stereodefects
(rr triads defects) and regiodefects(4,1 units)yRebutenes with these defects were pre-
pared by using Cand G-symmetric metallocene catalyst. Concentratiorhefdefects was
driven by choice of ligand structure of the regesfic C;-symetric catalyst. Highly isotac-
tic samples with concentration of rr stereodefémiger then 2 mol% crystalize to form II.
Stereodefective samples with concentration ofarestidefects crystalize to form | directly

from melt. This is shown at figure (3).
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Melt Crystallization of
Metallocene Isotactic Polybutene

torm 11 form I’

Fig. (3) Scheme of polymorphic behavior of meta&ifecmade poly-1-butene [7]

1.3.2 Crystal phase Il

Melt crystallization under atmospheric pressurel$ei@ form Il, which is tetragonal
form with 11/3 helix conformation. Phase Il posadstragonal unit cell (a =15 A and ¢ =
20.9 A). (23) This modification is metastable ahdmges to form | during few days. Phase
Il have heat of fusion 62 J/g [6] Melt temperatafehe phase Il is 124 °C [7]

1.3.3 Crystal phase llI

During the crystallization from solution, PB-1 wiliystallize in orthorhombic form
with 4/1 helix, marked as phase lll. [2] It canaalgystallized from melt under high pres-
sure and with addition of specific nucleating agdid Form Il is the least stable of all
three forms above 95 °C and quickly transformshi® form 1l, which then slowly trans-

forms to form I. Under 95 °C, it is relatively stal§8]. Phase Il is shown at fig. (4)
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Fig. (4) Unit cell of form 1l in isotactic poly-butene [9]

1.4 Phase transformation

The spontaneous crystal to crystal transformatrmmfphase Il to phase | was
discoverd by Natta et al. in their early works. SThiansformation was investigated in de-
tails, because it is similar to solid-state crystahsformation in other polymers and con-
siderably limits practical aplications of poly(1tbue). [10] The mechanism of Il to | trans-
formation is not yet fully understood. It is knowhat transformation occurs via nucleation
in crystal sites that are locally under stress.imyuthe transformation, crystalinity does not
change. Crystal morphology does not alternate riftié] Speed of this transformation is
maximal at room temperature and it is acceleratedpplying stress deformation. Effects
of this transformation are shrinkage, increasetiffiness, hardness and tensile strength.
[12]
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Fig. (5) Scheme of crystalization and phase tramsédion of poly-1-butene [13]

1.4.1 X-Ray diffraction investigation of the phase transbrmation

One of the methods to describe Il to | transfororats using X-Ray (WAXS,SAXS).
From WAXS and SAXS results, Antonio M. [14] conolaf that a twofold mechanism
takes a place during Il to | transformation. Thengition nucleation seems to be localized
on lamer distortion points and the transition ftselolves the rearrangement of lamellae
and lamellar stacks. Further crystallization of gohous phase to phase | also occurs, cre-
ating new thin lamellae inside lamellar stacks [T4jis is in conflict with statement of C.
D. Rossa and co. [7], who says that crystalinitgsdoot change during phase transforma-

tion.
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Fig. (6) Phase Il to | transformation captured byAWS [14]

The phase transformation does not affect the seirfemrphology in either melt-
crystallized samples or solution growth crystatsmlelt-crystallized material, nucleation
occurs at random places in a spherulite. Frontlomene tetragonal crystal (phase 1),
multiple twinned hexagonal (phase I) crystals afideltiple nucleation occur in a single

tetragonal lamella. Also, second, slower stageucfaation is observed in poly(1-butene).

[15]
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Fig. (7) Characteristics WAXS patterns for hexagamal tetragonal forms [16]

1.4.2 Electron diffraction investigation of phase transfamation

Whole single crystals were observed by S. Koppl.€itl8] by using electron dif-
fraction and bright- and dark-field imaging of siddt and thin-film grown single crystals.
In many crystals, double twinned phase | afterdi@mation is observed but the wast ma-
jority of transformed monolamelar crystals dispkggle phase | orientation. Dark-field
imaging confirms that boundaries between twinneasph and single phase | domains do
not follow growth sector boundaries. However, exature of the mechanism which initi-

ate the transition is not yet known. [10]
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1.4.3 Microindentation hardness investigation of phase @mnsformation

Microindentation hardness is method, which canlgasstinguish between phase Il and
phase | of poly(1-butene). As F. Azzuri et al. [h7¢asured, microindentation hardness of
phase | significantly higher then phase Il. Reasohigher chain packing in phase I. By
using this method, good agreement with melting @&pthmeasurement was found. Results
shows, that the rate of phase transformation doeslepend on the molecular mass of the
poly(1-butene) samples measured. However, hardrfedge each phase is influenced by
molecular weight of the poly(1-butene).[18] Alspesd of the transformation is influenced
by the rate of cooling during sample preparatiomew sample is cooled rapidly, transfor-
mation takes around 12 day. For samples isotheyrapjstallized, transformation it takes

7 days.

1.4.4 AFM investigation of phase transformation

Poly(1-butene) in melt-crystallized ultra-thin filat different temperatures were studied by
AFM in tapping mode by Shidong J. et al. Sphegslivith closely packed edge-on lamel-
lae and lathlike flat-on crystals were observed rmmedting processes after different periods
of time were monitored. By using the method oésiVe melting, less stable phase Il was
removed and form Il to form | transformation wasetved. It was found that nucleation of
phase | crystals is the rate-determining factdheftransformation. Combining the facts
that nucleation of the stable Form | crystals starost likely at crystalline side surfaces or
corners, and the phase conversion rate of thegredn flat-on crystals is much faster than
that of the solution grown single crystals leada theory that residual local thermal
stresses exist at the edges of the microcrystatitel stacking regularity of the crystalline

lamellae play a very important role in generatimg muclei of the form | crystals. [19]
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2 KINETICS OF ISOTHERMAL AND NON-ISOTHERMAL
CRYSTALIZATION
A lot of traditional studies of crystallization alienited to constant and idealized
conditions (pressure, temperature, etc.). Howewergeal situations, conditions may be
changing over time. It leads to state, when criystdion is dependant on actual conditions
as well as on the speed of change of conditiongstéltization is ruled by the laws of ther-

modynamics, which defines if the crystal can ornmdnexist under current conditions.

Speed of crystallization is defined by kineticgloé process. [20]
2.1 Common models of isothermal crystalization

2.1.1 The Avrami Equation

To describe crystallization under isothermal caond#g, Avrami equation is used. It
allows us to calculate crystallinity fraction aguaction of elapsed time. General form of

Avrami equation is:

1-Xy=exp(-KE) (1)
Which is also used in logarithmic form
In(1- Xy )= -Kt" 2)

Where Xy is the crystallinity fraction in the crystallizabfeaterial at timd. K andn are

constants typical of a given morphology and typeuwdfleationK is the crystallization rate

constant and is temperature dependent, n, an ahtagrthe Avrami index and contains

information on nucleation and growth geometry. [20]

Crystallization Avrami constant Restrictions
mechanism K n

Spheres Sporadic 213 g3l 4 3d
Predetermined 43mg’L 3 3d
Discs Sporadic 1'r/392| d 3 2d
Predetermined mg’Ld 2 2d
Rods Sporadic magld® 2 1d
Predetermined 1/2mglL d? 1 2d

Tab. (1) The Avrami parameters for crystallizat@frpolymers [21]
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However, the interpretation of the Avrami indexnist straightforward because its deter-
mination can be influenced by many factors, likéunee change due to phase transforma-
tion, annealing, incomplete crystallization or diffnt mechanisms involved during the

process. [20]

2.1.2 Keith-Padden Kinetics of Spherulic crystalization

Although Avrami Equation provides useful data of thverall kinetics of crystalliza-
tion, it provides only little peek to the molecutaganization of the crystalline regions and
spherulites. Rate of growth of the spherulite ia tadial direction is constant until the
sphrelites meet. After then, atactic componemiguirities etc. become trapped in the in-
terlamellar regions. Theory developed by Keith Badden says, that a parameter of major

significance is the quantity
0= DIG (3)

where D is the diffusion coeficient for impurity ihe melt and G represents the radial
growth. The quantity determine the lateral dimension of the lamellae that non-
crystallographic branching should be observed whbacomes small enough to be com-
mensurate with the dimensions of the disorderemnsgn their surfaces. Thass a

measure of the internal structure of the spheruitéts coarseness. [21]

LAMELLAR
FIBERS

. GROWTH
/ DIRECTION

1 CHAIN AXIS IN

T

DISORDERED
INTERFIBRILLAR
MELT

Fig. (8) Schematic representation of the distriditof residual melt and disordered mate-

rial among lamellae in spherulite[21]
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According to Keith and Padden, diffusion is thetecolling factor at low tempera-
tures, whereas at higher temperatures the rataeabéation dominates. Between these two
extremes the growth rate passes through a maximuenevthe two factors are approxi-

mately equal in magnitude. [21]

2.1.3 Hoffman’s nucleation theory

The major shortcoming of the Keith—Padden theosides in its qualitative nature.
Although great insight into the morphology of spliges was attained, little detail was
given concerning growth mechanisms, particulargyttitermodynamics and kinetics of
the phenomenon.[21] Hoffman assumed that chainnfgldnd lamellar formation are ki-
netically controlled, the resulting crystals bemgtastable. The thermodynamically stable

form is the extended chain crystal, obtainable uhdgh pressure.

Fig. (9) Thin chain-folded crystal showiagandee.. [21]

We can see basic model illustration at fig. (9)evehl is the thickness of the crystal, x is
the large dimensiomsg is the fold surface interfacial free energy ansl the lateral surface
interfacial free energy. Crystal is folded from arin. The free energy of formation of a

single chain-folded crystal may be set down inrttaner of Gibbs as:

Acerystal = 4xlo + 2xXCoe -le(Af ) (4)
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WhereAf represents the bulk free energy of fusion, wiiah approximated from entropy
of fusionAS;, if we assume that heat of the fusitiy does not depend on temperature.
Then:

Af= Ahy T AS (5)

2.2 Models of non-isothermal crystallization

During the non-isothermal crystallization, the ¢oglrate commonly stay constant, i.e.
does not change during process. Temperature —raélagons can be described by follow-

ing equation:
Ty = Ti-Qy (6)

WhereT,; is the initial temperature arf®}y is a function of time, which can be further de-

scribed a%)y =X« where X = dT/dt is cooling rate.[20]

The mechanism of phase change is strongly depewdertoling rate. The higher cooling

rate is, the nuclei occur at lower temperature] [20

2.2.1 Ziabicki’s equation

Majority of the formulations for non-isothermal stgllization is based on the
Avrami equation. Ziabicki, in his first attempt toodel the dynamic crystallization, pro-
posed that the non-isothermal crystallization canviewed as a sequence of isothermal
steps. Few prerequisites are set to express thésattrermal crystallization by equation
(7). These prerequisites are, that the nucleatiod growth of the crystals are governed by
thermal mechanisms only, that their time dependameees from a change in external

conditions and that the Avrami exponent is condfamtughout the whole process.

n 2
3 t ds t ds t ds
Ey =In ZUO—j 1+a OE-FaQUO—j tad..| (7)

Tl/ 2 Tl/ 2
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Wheret 4, is observable half-time of crystallization, a2, a.,an are the coefficients of

the series, n is the Avrami exponent and s isithe tequired for nucleation of the crystals.

When al =a2 = ... = an =0, equation (7) becomes:
d n
t dsS
Ey=n2 [/~ @
1/2

Equation (8) can be used when the ratio betweeleaticn and growth rates is constant
with the time and athermal nucleation is negligifdeawback of this theory is that it can
be used only in the range of temperatures whetkasmal crystallization data are avail-
able. [20]

2.2.2 Nakamura’'s equation

Nakamura and coworkers assumed isokinetic conditiand derived following

equation.

X(t):l—exp{—(EK'(T)drjn} ©)

Where n is the Avrami constant index determinechfisothermal crystallization and K’ is

related to the Avrami constant K through the eaquma(iL0)
K'= K" (10)

Disadvantage of the Nakamura’'s model is that isdo® consider the effect of the induc-
tion time. However, non-isothermal induction tinoas be calculated from isothermal ones

by using equation:

_ (i dt
b _Io t(T) @b

Where {(T) is the isothermal induction time andsta dimensionless index of induction
time[20]
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2.2.3 Ozawa’s equation

Ozawa accounted for the effect of cooling fdten dynamic crystallization by
properly modifying the Avrami equation. This methzah be used when crystallization
occurs at a constant cooling rate. The degreerofazsion at temperature T,X(T), can be
calculated as:

K™ (T)
—Inf1- X (T)] ==, (12)
where X is the cooling rate, n is the Avrami expurend K is the cooling crystallization
function and is related to the overall crystalliaatrate and indicated how fast crystalliza-
tion occurs. The most interesting feature of thaw@as’s theory is the possibility to com-
pare results of crystallization during continuooslmng with results obtained by means of

Avrami equation under isothermal conditions. [20]

2.2.4 Experimental observation on isotactic poly-1-butene

Silvestre et al. investigated non-isothermal ctiigtdion process of isotactic
poly(1-butene) and its blends with an amorphougootier, the hydrogenated oligo-
cyclopentadiene (HOCP). The samples were melt@é8@&fC for 10 minutes and then
cooled to 20 °C at different cooling rates: 0.52,1and 4 °C/min. The morphology of crys-
tallized samples was characterized by the presafiremall and large spherulites. Two kind
of spherulites grew from heterogeneous nuclei,radifferent activation energies. This
occurs at cooling rate 4 °C/min. Nucleation of botitlei was delayed by the addition of
HOCP. That means that in the blends higher undéngps need to heterogeneous nuclei
become active. Experimental data were analyzed @aidwa and Ziabicky theories. The
Ozawa equation was satisfactorily used to desthibelynamics of the solidification of all
the samples. The Avrami exponent was close to alf@amples (pure poly(1-butene) and
blends) when it was calculated with Ozawa methde Use of Ziabicki theory did not give
good agreement with experimental results. It wasdothat zero-order approximation did

not describe the non-isothermal crystallizatiopaty-1-butene. [20]
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3 USED METHODS OF ANALYSIS

3.1 Polarized light microscopy

Light microscopy is very old method of observingteucture, shape, morphology of
material and many others properties. Principléhf inethod is very simple. Microscope is
as device which contains numerous magnifying letseshieve optical magnitude of the
observed specimen. These lenses are in objecttveauriar of the microscope. Also, con-
denser lens is needed. Its role is to convert anbafdight from tube shape to cone shape

and thus illuminate a specimen in the microscope.

To achieve a polarized light, polarization filterneed. Plane polarized light is light
of a single vibrational direction which is perpendar to the direction of propagation. To
obtain plane polarized light, white light is passbdough a polarizing filter. It can be
thought of as a ticket going through a slot. Omlg ticket which is oriented in the same
direction as the slot will pass through. Likewisdydlight of the proper vibrational direc-

tion will pass through the polarizing filter. [22]

direction of
| T propagation
V I}

wibrational
white polarizing direction of
Tight filter polarized light
N
Sl ll il
@ [ 1

plane polatized 1ight

Fig. (10) Basic scheme of polarized light [22]
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3.2 Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) is importaand very often used method
of thermal analysis. By using DSC on polymer matsriwe can determine melting point
temperature, glass transition temperature, dedresire and heat of diffusion etc. Calo-
rimeter accepts polymer in any form (powder, psjlébers, fragments etc.) and weight of
few milligrams is enough to perform measuremeramfe is inserted into aluminum pan
and crimped by crimping press to ensure good obosfipan and good thermal contact.
[23]

Sarnple Eeference

AT

Fig. (11) Common principle of DSC [24]

F' .;‘lj'a_'['Ea= "l—lliHmelt

Area= AH prgt

1
dt

w

Tg Tcryst Tmelt T

Fig. (12) Example of the DSC thermogram [24]
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3.3 X-Ray diffraction

X-Rays are used to determine arrangement of aton®@ystals. By considering
crystals as a reflection grating for X-Ray, Braggided his equation for distance between

successive identical planes of atoms in the cry2igl

™ Jcident X-my Beam _
Diffracted X-ray Beam

3 /
/?[ n(k) = 2d sin(6)

)

20 -
-A ," 1" C' r d
E'
AB=dsin(8)=BC .  ABC =2dsin(8)
AB'=2d:in(8)=BC" . ABWC' =Z2ABC =44 z:in (8)

Fig. (13) Bragg’s Law [25]

Intensity of the X-Ray diffraction is depends o thumber of electrons involved,
thus is proportional to the density. Besides Brdgfyaction lines, there is an amorphous
halo caused by the amorphous phase in the polyhheramorphous halo is broader than
the corresponding crystalline peak, because ofntleéecular disorder. This method is
called WAXS (Wide Angle X-Ray Scattering). [21]

3.4 Density measurement

Density of solid materials can be measured by usoimgmon laboratory scales with
added device for solidity measurement. Sample ighted in common way and then is
weighted in liquid. As a liquid | used mixture ohter an ethanol. Basic principle of meas-
urement is difference between weight of the saraptesample submerged in liquid, which
is relieved by upward force of the liquid. Then wan evaluate the solidity of measured

sample by using following formula:
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_ maxlof

/0_—
ma_mf

(13)

Wherep is density of the sample, 418 the weight of the sample on the ait,isweight of

the sample in measurement fluid grds a density of the measurement fluid.

Solidity was measured at each of the sample prddayevT device. First meas-
urement was done immediately after sample preparatnd second two weeks after prepa-

ration.

Fig. (14) Device used for solidity measurement [26]
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lIl. EXPERIMENTAL
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4 SAMPLE PREPARATION

4.1 pvT device sample preparation

A pvT device was used to prepare samples undenateftonditions (heat/cooling
rate, temperature range and pressures). Theseesmampte used to compare the obtained
structures under different conditions. | used puI htade by SWO Polymertechnik GmbH
(Krefeld,Germany)

As we can see at fig. (15), main parts of pvT dewdee pressure piston, fixed pis-
ton, and chamber. At the beginning of the measentnboth PTFE sealings are put into
the chamber and device is calibrated to the sealingension. Then, aprox. 0.75 g of the
measured material is put into the chamber betweatings. Sample is melted under at-
mospheric pressure, and then is pre-compresed essyme 40 MPa (20 MPa pre-
compression at sample preparation pressure loveer 40 MPa). After these settings, the

requested measurement is executed.

Diameter of the chamber is 7.8 mm. PTFE sealing$alding melt in the chamber
and avoiding leak of the melt. However, during noeasient of DP0401 at heating/cooling
rate and temperature 220 °C, leakage of the mekeapd at pressures higher then 120
MPa. This is caused by high MFI of the DP0401.

Main disadvantage of the pvT measurement is noorate hydrostatic pressure on
the sample in solid state. According to refererg,[the error caused by such behavior is

very small and does not influence sample preparatio
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Fig. (15) Scheme of pvT device [27]

Two poly-1-butenes were examined during the expemiad part, PB 0300M and
DP 0401 M. Both are commercially available. Theyevmanufactured by LyondellBasell

Industries.
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DP 0401M Properties

DP 0401M
Physical Method Value Unit
Density 1SO1183 |0,915| g/cm®
Melt Flow rate 1SO1183 15 | g/10min
Mechanical
Flexular Modulus ISO 178 450 MPa
Tensile Strength at Yield 1ISO8986-2 22 MPa
Tensile Strength at Break 1ISO8986-2 29 MPa
Tensile Elongation at Break 1ISO8986-2 | 300 %
Thermal
Melting Temperature DSC
™Tm1l 126 T
Tm 2 114 T
Tab. (2) Properties of DP 0401M
PB 0300M Properties
PB 0300M
Physical Method |Value| Unit
Density 1SO1183 |0,915| g/cm®
Melt Flow rate 1SO1183 4 | g/20min
Mechanical
Flexular Modulus ISO 178 450 MPa
Tensile Strength at Yield 1ISO8986-2 | 19,5 MPa
Tensile Strength at Break 1ISO8986-2 | 35 MPa
Tensile Elongation at Break 1ISO8986-2 | 300 %
Thermal
Melting Temperature DSC
Tm 1 127 T
Tm 2 116 T

Tab. (3) Properties of PB 0300M

At first, complex pvT measurement was done, fospres 20, 40, 60, 80, 100, 120,
140, 160, 180 and 200 MPa. Temperature range was 50°C to 180°C and the cool-
ing/heating rate was 5°C/minute. All these setmefspures were measured on one sample

of polymer.

From these results, | have set a new set of presswhich are 20, 50, 75, 100, 125,
150 and 175 MPa. For each of these newly set messsane sample was prepared to

observe differences in structure. Then, to findugfice in cooling/heating speed, complex
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measurement was repeated at 1°/C per minute ar@ t80220°C temperature range. All

samples were prepared at crystallization — mekicgystallization cycle.

4.2 Polarized light microscopy specimen preparation

Samples obtained from pvT device were in the forfntyinder with top area

crumbled down, as we can see at fig. (16)

M ———(Cut ]

— _ut 3

_ut 2

Fig. (16) Scheme of specimens preparation fronsémeples

As a first step, the top of the sample was tabdlateusing microtome. Then, from
area ,,Cut 1“, 4Qum thick plate was cuted and put on the glass sSdeon oil was added

and sample was cowered with slip cover.

For polarized light microscopy, Zeis NU microscapas used. Micrographs of the
observed specimens were taken by digital camered Wsagnitude for all specimens was
40x.

4.3 DSC specimen preparation

DSC samples were prepared from area marked as @ufi@. (16). 10Qm thick
pieces were cut by using microtome. After cuttingnf sample, specimens were cut to

smaller pieces to fit into pan. Pans were made fatuminum. Weight of the specimen
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was around 1mg, varying from sample to sample. Therpans with sample were closed

in crimping press.

Melting curves were measured at Instrument 2010 DQS{Mg nitrogen inert

atmosphere with flow 20mi/s.

4.4 WAXS specimen preparation

WAXS samples were prepared from area marked as3QGitfig (16). Approxi-
mately 4mm thick specimens were cut by using hamd$aen the measurement area was
grinded to smooth using water grinder with veryt saind-paper. Used device was X'Pert
PRO PANalytical with wavelength 1,54 A and steesiz 0,0263 °.
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[ll. RESULTS AND DISCUSSION
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5 DSC RESULTS

175 MPa

150 MPa

125 MPa

— 100 MPa
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7 50 MPa
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Fig. (17) DP 0401M melting curves at various cryi&ation pressures
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Fig. (18) PB 0300M melting curves at various crilgtation pressures
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5.1 DP 0401M DSC curves discussion

As we can see at fig.(17), for both 20 and 50 Miyatallization pressures, phase | is
shown at DSC melting curve with peaks of meltingperature at 124 °C and 133 °C re-
spectively. With increasing pressure, 75 MPa weassign peak at temperature of 96.5 °C
to the phase I', which recrystallizes to phaseithyweak at temp. 117 °C and small content
of phase | is represented with peak at temp. 124A7ith further increasing crystallization
pressure from 75 to 175 MPa no significant charagesnot observed except small peaks
belonging to phase | which are formed after reafjgation from phase I' to phase Il and
phase I. From pressure 100 MPa there are presetit g@aks at approx 90 °C which may
be assigned to phase II’ or it can be also phasé fecrystallization. This fact can be sup-
ported be fact that X-ray spectra does not showseevant peak of phase Il but only of

phase | which is also the same for phase I' [16]

Pressure of Peak at temperature
preparation | Phase Phase Phase
(MPa) I I |
20 - - 124 C
50 - - 133 C
75 965C | 117 < 124 C

100 956 C | 116.7C -
125 948 C | 1158<C | 127
150 96.1C | 1165<C |123.3<C
175 96.6 C | 1165 C -

Tab. (4) Peak temperatures of phases for prepamgti@ssures of DP 0401M
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5.2 PB 0300M DSC curves discussion

Curves of crystallization pressures at 20, 50 &nPa, as can be seen at fig. (18),
are practically similar. All three curves have pe@hase | at 126, 125,1 and 125,9 °C
respectively. Peak of phase I' is present fromsures 100 MPa to 175 MPa with signifi-
cant difference. At pressure 100 and 125 MPa ratigs@tion exothermal peak is ob-
served but with further increase of pressure 15018t MPa it is not observed. This is
completely different behavior compared to DP 040TIus the material properties namely
molecular weight plays important role in high-pragscrystallization behavior. At these
the highest pressures is observed phase I' at 98hi€h does not recrystallize and simul-
taneously phase Il and dominant phase I. In the(flare shown melting peaks of indi-

vidual phases.

Pressure of Peak at temperature
preparation
(MPa) Phase | Phase Phase
I Il I
20 - - 126 €
50 - - 125.1 C
75 - - 1259 C
100 945<C |117<C | 124 <C
125 95C |116C | 125
150 94.7C |[116 C [1225<C
175 942<C |116 T [120.8<C

Tab. (5) Peak temperatures of phases for prepangti@ssures of PB 0300M
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5.3 Sample comparison

From the comparing of both materials (DP 0401M &M 0300M) was found that
occurrence of phase I' is function of crystallipatipressure and molecular weight, because
of according to producer information, both materiebntains the same type of stabilizers.
It would be suitable to perform these analyzes arnous grades of PB-1 and compare
them. DP 0401M has a lower molecular weight thenOBBOM. This could be a reason
why were observed differences in appareance ofgphas DP 0401M from crystallization
pressure 75 MPa and at PB 0300M from 100 MPa. fidddealso differ at recrystallization
peaks where PB 0300M does not show recrystallizadeaks at crystallization pressures of
150 and 175 MPa and at these pressures peaksasfe fhare much smaller compared to
those at DP 0401M.
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6 X-RAY DIFFRACTION RESULTS

DP 0401M

175 MPa

1150 MPa

125 MPa

100 MPa

175 MPa

50 MPa
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g@%

Fig. (19) WAXS curves for different pressures efpparation for DP 0401M
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PB 0300M

_| 50 MPa
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Fig. (20) WAXS curves for different pressures eparation for PB 0300M
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6.1 X-Ray diffraction results discussion

WAXS curves at fig. (19) and fig. (20) show almdst same pattern for both materi-
als which corresponds to the phase | accordin@@p [However, there are few differences.
At some crystallization pressures and missing @& and 10° @, which are character-
istic for phase | or I', which can be probably cadiby specimen preparation during cutting
and polishing. Characteristic peaks of phase 1l11186° 2 are not observed. However,
there is a peak at 28 ®2occurring in all patterns of various pressuresictvlwas not de-
scribed in any literature and thus we can assuhether it belongs to some interferences
from smaple prepapration or effect of the high gues. It should also be noted that X-Ray
diffraction is not able to differ a phase | and ghd in poly-1-butene. Identification of

these phases can be done by thermal analyze®©&Cis
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7 DENSITY MEASUREMENT RESULTS

Density (g/cm®)

0,92

0,91

0,90

0,89

0,88

0,87

Density of DP 0410M
—e— Density measured in the day of preparation

—m— Density measured 14 days after preparation
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Fig. (21) Density of DP 0401M in day of preparatiamd 14 days after preparation
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Fig. (22) Density of PB 0300M in day of preparateomd 14 days after preparation

7.1 Density measurement results discussion

In both fig. (21) and fig.(22) we can see that dgnscreased after 14 days from
preparation except the lowest pressure at DP 046idhwmay be measurement error, be-

cause of density of poly-1-butene increases dunng after preparation. [10]

Both fig. (21) and fig. (22) show that at pressof@reparation 100MPa and higher,
the increase of the density is much lower than rasgure of preparation lower then
100MPa. This could be caused by different phaBehd I' content in dependence on crys-
tallization pressure. Lower density change meangishrinkage after preparation at high

pressure. Thus, these findings could be used iosingl during manufacturing of PB-1

products.

Density increase in %

Pressure of

preparation

(MPa) DP 0401M PB 0300M

20 - 3.2
50 2.3 2.2
75 15 2.1
100 0.5 0.6
125 0.4 0.7
150 0.4 0.5
175 0.3 0.6

Tab. (6) Increase of density in percentage
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8 PVT SAMPLE MEASUREMENT RESULTS

Data from each sample measurement were mathenhaticellyzed. Temperatures of
crystallization and melting were captured at migipof the curve and printed in following

figures and tables.

8.1 DP 0401M crystallization and melting temperatures

DP 0401M Crystallization and melting temperatures
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160 -
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Pressure of preparation (MPa)

—i— Crystallization temp. at 5C/min
—@— Melting temp. at 5 T/min

Temperature (T)

Fig. (23) DP 0401M crystallization and melting teengtures analyzed from overall meas-

urements of the material
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DP 0401 crystallization and melting temperatures

165
160 ] o—*

155 /
150 ®

145 4 o _—

140 /

23 ] / g —a&— Crystallization temperatures

125 —e— Melting temperatures

120 —o

115

110

105

100
95 ]
90
85
80

Temperature (C)

7 T 7 T 7 T 7 T 7 T 7 T 7 T
0 25 50 75 100 125 150 175

Pressure of preparation (MPa)

Fig. (24) DP 0401M crystallization and melting teengtures analyzed from sample prepa-

ration at 5°C/min

As we can see at fig. (23), both crystallizatiod amelting temperatures at 5°C/min
are increasing with increasing pressure of prejeraAlso, melting temperatures could

not been measured due to error of the used pvTeevi

Data acquired from sample preparation at fig. @#ws increasing temperatures,
for both crystallization and melting, with higherepsure. Only exception is melting tem-

perature at 50 MPa, which is slightly lower thampe at 20 MPa.
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Pressure of Pressure of Overall material measurement
reparation | Sample preparation reparation
P (ﬁﬂpa) PE PR : (FI:\)/IPa) 5C/min 1C/min
T
T(T) | Tm(T) T:(C) Twn(T) T:(C) (ocm)
20 81 122 20 78 125 - -
50 82 121 40 80.9 133.1 - -
75 87 135 60 82.9 136 - -
100 90 143 80 86 139.1 - -
125 96.9 149.1 100 90 144 - -
150 103.9 160 120 97 148 - -
175 108 162.1 140 101.9 152 - -
160 107 162 - -
180 110 168 - -
200 108.9 168 - -

Tab. (7) Summary of crystallization and meltingpgenatures of DP 0401M

8.2 PB 0300M crystallization and melting temperatures

PB 0300M crystallization and melting temperatures at different heating/cooling rate
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Fig. (25) PB 0300M crystallization and melting tesrgitures analyzed from overall meas-

urements of the material at different cooling/hegtrate



TBU in Zlin, Faculty of Technology 51

PB 0300M crystallization and melting temperatures
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Fig. (26) PB 0300M crystallization and melting tesrgtures analyzed from sample prepa-

ration at 5°C/min

Increasing crystallization and melting temperatatelseating/cooling rate 5 °C/min
are shown in fig. (25), in pressure dependency.aBueating/cooling rate 1 °C/min, crys-
tallization temp. is increasing up to 80 MPa, titedrops rapidly and shows random pat-
tern of temperature change. Melting temperatufe°&@/min drops rapidly after pressure
180 MPa, before this pressure it follows increasregd with a higher pressure. This is
possible incorrect measurement. Melting temp. aB@ for 1 °C/min is missing due to

influenced sample by previous thermal history.
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Pressure Pressure Overall material measurement
of prepa- Sample preparation of prepa- _ ]
ration ration 5€C/min 1C/min
(MPa) (MPa)
Tc(T) | Tm (T) Tc(T) [Tm () c(C) Tm ()
20 79 122 200 75 126.1 89 -
50 78 135 400 76 127 920 129
75 79 139 600 77 130 91 159
100 88.9 142 800 77.9 136 96 169
125 100.5 149 1000 95.9 144 67 175
150 106.2 157 1200 101.9 148 78 179
175 110 161 1400 107.5 152 79 185
1600 108 159 73 189
1800 115 164 73 191
2000 119 164 81 168

Tab. (8) Summary of crystallization and meltingpgenatures of PB 0300M
8.3 Temperatures anomalies discussion

One of the possible reasons for decreasing tempesaat higher pressures could be
a low heat conduction of the polymer. When the darigomelted on the contact with the
cell, core of the sample still could have lower pemature and thus some percentage of
unmelted crystals. This can clarify an anomalyigit(26). But anomaly occurs more often
at lower heating/cooling rate, when effect of tbe lheat conduction could not have a
place due to long times of heating/cooling, givangample enough time to melt/crystallize
completely. Anomaly could be caused by a recrygtdlbn during a melting at low heat-

ing/cooling rates and thus possible phase II' @mspH' transformation could occur.
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9 POLARIZED LIGHT MICROSCOPY RESULTS

75 MPa - edge 75 MPa - core

100 MPa - edge 100 MPa - core

125 MPa — 150 MPa
100 pm

Fig. (27) DP 0401 samples morphology, part A
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175 MPa - edge 100 um 175 MPa - core

Fig. (28) DP 0401 sample morphology, part B
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75 MPa 100 MPa

Fig. (29) PB 0300M samples morphology
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Morphology of DP 0401 can be seen in fig. (27) &9d(28) For pressures 20 and 50
MPa, spherulitic structure is observed with typiRkllitese crosses. These samples contain
only phase I. For pressure 75 MPa, edge of theirgpacdoes not shows any visible Mal-
tese crosses but in the core of the sample thepedaund. This is the first sample at DP
0401M which contains phase I'. Difference betweere@and edge of the sample could be
an effect of the low heat conduction of the polyni&notos of the pressure of preparation
100 MPa show similarities as at 75 MPa. Howevery gemall spherulites can be seen in
close distance from the edge. Maltese crossesedouind in the core of the sample. Mor-
phology of samples with pressure of preparation P& is very similar to those prepared
at 20 and 50 MPa. There are no differences at @oedeedge of the sample and Maltese
crossed are found on every part of the sample. aprppared at 150 MPa shows struc-
ture with low number of Maltese crossed scattedss the sample and high number of
small spherulites, again scattered across the sarpt pressure of preparation 175 MPa,
there is again a difference between edge and ddreesample. Spherulites can be found
only in the core of the sample and small crystadssaattered over the whole sample. Ac-
cording to [28], morphology of samples preparedsaand 150 MPa is typical for a poly(1-
butene). Also, the crystallization temperature aadling rate have an impact to the mor-

phology of the samples. This fact combined withoa heat transition of the polymers

could lead to a state, where crystallization terapee is dependent to a place in the sam

ple.

When we compare a WAXS results with morphology adhesample, there is no reli-

able interrelation between them.

Morphology of PB 0300M is shown at fig. (29). Saeypprepared at 20 and 50 MPa
shows almost the same morphology, with Maltesese®®f the spherulites all over the
sample. At pressure of preparation 75 MPa, stracisicombined with large spherulites
with small ones between them. Small crystallinecttire can be seen at sample prepared
at 100 MPa, with few large spherulites scattereer dlre sample. Structure of sample pre-
pared at 125 MPa shows combination of large andl spherulites. Both samples pre-

pared at 150 and 175 MPa shows almost the samawstularge number of very small
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crystals with few big spherulites scattered oversample. Appearance of small and large
crystals in one sample could be explained by clmngite of cooling during crystallization
process. We could also see that at higher presgweee number of large spherulites is sig-

nificantly lower.
As written above, again no connection between WAaX8 morphology was observed.

When we compare morphology of DP 0401M with DSQiltes with first appearance
of phase I' at DSC, difference between core an@ efighe sample occurs. This could be
caused by lower molecular weight of the DP 0401imBles prepared at 125 MPa how-
ever show no difference between edge and core. cthikl be caused by combination of

changing cooling rate, molecular weight and pressur

PB 0300M shows combination of small quantity ofkarcrystals and large number of
small crystals after appearance of phase I' at 8@, which is above 75 MPa. Samples
prepared at 20,50 and 75 MPa shows mostly largersfites in the structure. When both
structures are compared, DP 0401M have smallettatsysit same pressure than the
PB 0300M.
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CONCLUSSION

This work describes results of high-pressure, sotlaermal crystallization of two
homopolymers of isotactic poly(1-butene) with diéfiet molecular weights and reveals

relations between molecular weight, cooling rateé phhase composition.

DSC proves that appearance of phase I' is depeondaptessure of crystallization
and molecular weight of the poly(1-butene). Accogdio DSC scan, phase I' occurs at
lower pressure in poly(1-butene) with lower moleculeight. For DP 0401M(lower mo-
lecular weight) it is at 75 MPa, for PB 0300M(higmeolecular weight) at 100 MPa. PB
0300M curves show no recrystallization peaks at 450 175 MPa and smaller peaks for

phase I'.

WAXS curves prove that there is no phase Il in raess samples and all phase |l
peaks at DSC curves are caused by recrystallizdtiong measurement. However, X-Ray

diffraction cannot distinguish between phase | phase I

Solidity measurement revealed that with increagirggsure the density increase is
lower. Samples crystallized at 50 MPa have dernsdsease more than 2%, samples crys-
tallized at 1750 MPa have density increase 0,3-0l6%ver solidity increase means lower
shrinkage after aging and that fact could be ussthd manufacturing of the products

made from poly(1-butene).

Crystallization and melting temperatures, whichevenalyzed from crystallization
and melting curves obtained by pvT during sampéparation, are increasing with increas-
ing pressures. However, few anomalies have beemdfdeB 0300M shows crystallization
pressure decrease after 80 MPa and follows randadterp. When we compare this fact
with DSC curves, we can found that drop of thetatligation pressure could be caused by
appearance of phase | '. This anomaly occurs atafitcooling 1°C/min and could be
caused by phase II' to phase I' transformation.adg also occurs at cooling rate 5
°C/min. This could be caused by low thermal conhitgtof the polymer and different

cooling rate at edge and core of the sample.
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Morphology revealed by polarized light microscogyows differences between
core and edge of the samples of DP 0401M. Coreactntarge spherulites and edge is
filled with small crystals with exception of pressul25 MPa. PB 0300M morphology
shows combination of small and large crystals alv&1Pa. Both materials show change
in morphology when phase I' appears. DP 0401 hdfereht core and edge structure and
PB 300M have combinations of small and large clysiéhis could be caused by combina-
tion of high pressure, low heat conductivity andliecalar weight. Also, heat conductivity
increases with crystal appearance and this fagetiher with possible influence of pressure

on the heat conductivity could cause morphologycwhve are observing.
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DSC
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A nm

Af
AS
Ahy

Oe

Ty
ti(T)

t

Pressure-volume-Temperature
Differential scanning calorimetry
Wide-angle X-Ray Scattering
Poly(1-butene)

Polyethylene

Polypropylene

Angstrém

Small-angle X-Ray Scattering
Crystallinity fraction

Time

Constant of avrami equation
Constant of avrami equation
Diffusion coeficient

Radial growth

Bulk free energy of fusion
Entropy of the fusion
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Function of time
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Dimensionless index of induction time

Cooling crystallization function
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HOCP Hydrogenated oligocyclopentadiene

p g/cnt Density of the sample

Ma g Weight of the sample on the air

my g Weight of the sample in measurement fluid
P g/cnt Density of the measurement fluid.

PTFE Polytetraflourethylen

MFI Melt flow index
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