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RESUME

Process-dependent thermo-mechanical viscoelastic properties and the corresponding
morphology of HDPE extrusion blow molded (EBM) parts were investigated.
Evaluation of bulk data showed that flow direction, draw ratio, and mold temperature
influence the viscoelastic behavior significantly in certain temperature ranges. Flow-
induced orientations due to higher draw ratio and higher mold temperature lead to
higher crystallinities. To determine the local viscoelastic properties, a new
microindentation system was developed by merging indentation with dynamic
mechanical analysis. The local process-structure-property relationship of EBM parts
showed that the cross-sectional temperature distribution is clearly reflected by local
crystallinities and local complex moduli. Additionally, a model to calculate three-
dimensional anisotropic coefficients of thermal expansion as a function of the
process-dependent crystallinity was developed based on an elementary volume unit
cell with stacked layers of amorphous phase and crystalline lamellae. Good
agreement of the predicted thermal expansion with measured ones was found up to
a temperature of 70 °C.

RESUME IN CZECH

Prace se zabyva vztahem mezi strukturnimi, procesnimi a vyslednymi mechanickymi
vlastnostmi HDPE zpracovaného technologii vytlacovaciho vyfukovani. Pro ur€ity
teplotni rozsah byla statisticky potvrzena zavislost mechanickych vlastnosti
vyfukovanych prvklli na sméru toku, rozfukovacim poméru a teploté formy.
Orientace taveniny podpotena vySsim rozfukovacim pomérem a teplotou formy vede
ke zvysSeni krystalinity. Pro podchyceni lokalnich zmén ve viskoelastickych
vlastnostech byla, spojenim indentacni metody s mechanickou dynamickou
analyzou, vyvinuta nova mikro-indenta¢ni metoda, a jeji relevance byla potvrzena
pro vybrané polymerni materialy. Byl kvantifikovan vliv rozlozeni teplotniho pole
na lokéni zmény ve struktufe 1 mechanickych vlastnostech, a na zaklad¢é dosaZenych
vysledkll byl sestaven model pro vypocet 3D anizotropického koeficientu teplotni
roztaznosti jako funkce procesem indukované krystalizace. Modelem predikované a
méiené hodnoty koeficientu teplotni roztaznosti vykazuji shodu do 70 °C.



ABSTRACT

Extrusion blow molding (EBM) is applied for more than 50 years to produce hollow
plastic parts. Both demands of EBM articles and requirements for more complex
geometries are continuously increasing especially in packaging, chemical and
automotive industries. However, some issues concerning EBM process and process-
structure-properties relationships are hardly investigated, still unclear, and not fully
understood.

This thesis addresses bulk as well as local process-dependent thermo-mechanical
viscoelastic properties and corresponding morphologies of high-density
polyethylene (HDPE) EBM parts. For the determination of local viscoelastic
properties, a new microindentation system was implemented to a conventional DMA.,
Additionally, a model providing anisotropic coefficients of thermal expansion (CTE)
as a function of the process-dependent crystallinity was developed to predict thermal
expansion and shrinkage along and perpendicular to the flow or extrusion direction,
which is insufficiently considered within the EBM simulation tools until today.

Data evaluation of the process-induced storage moduli showed that the influence of
the variables: flow direction, draw ratio, and the mold temperature were proven to
be statistically significant, and are process-dependent quantities within certain
temperature ranges. The statistically insignificant data, e.g. where storage moduli
were not influenced by these variables, can be explained by relaxation processes
during sample storage and increasing measuring temperatures, respectively. Flow-
induced orientation, higher draw ratio and higher mold temperature lead to higher
crystallinities.

A new microindentation system allowing for determination of spatially resolved
local viscoelastic properties was integrated to an instrument constructed to measure
viscoelastic bulk properties. The merging of indentation with dynamic mechanical
analysis (DMA) for standard diamond indenters and a fine tipped cone indenter
showed that the complex moduli obtained for HDPE, polybutylene terephthalate,
polycarbonate, and thermoplastic polyurethane coincide well with data from
literature. The x-y-stage enabled the determination of spatially resolved local
viscoelastic properties on surface or inner surfaces in terms of line scans or stiffness

mapping.



The local process-structure-property relationship of EBM parts showed that the
cross-sectional temperature distribution is clearly reflected by local crystallinities
and local complex moduli. Close to the mold wall with high cooling rates, lower
values are obtained than at the inner side and the middle of cross-sections with
considerable smaller cooling rates. Also, a low level of biaxiality, which increased
for lower mold temperature and higher draw ratio, was found.

Furthermore, the model to calculate three dimensional anisotropic CTE based on an
elementary volume unit cell (EV) with stacked layers of amorphous phase and
crystalline lamellae was proposed. They represent the ultimate CTE of the EV which
can be used to calculate the measured thermal expansion of parts with the aid of
orientation tensors similarly as in quantifying short fiber orientation distributions.



CONTENT

RESUIMIE L.ttt e et e e e st e e e e a b r e e e e e n b e e e e e nnrree e e e nnnes 3
RESUME 1N CZECN ...ttt esneeaeeneens 3
ADSITACT. ... bbbttt 4
1 State OF the Al e 8
1.1 The process of extrusion blow molding ..........cccccevveiiiiiiic i, 8
1.2 Polymers for extrusion blow molding ..........cccoovveiieiiiie i, 9
1.2.1 Crystallinity, Morphology, and Orientation............c.cccceevevvevivesineennnnn, 10

1.3 Methods to determine Crystallinity, Morphology, and Orientation............ 11
1.3.1  CryStalliNIty ....ccoeecieeiiieie e 11
1.3.2  MOIPholOgY ...cccveeciieciie e 11
IR TR B @ 1 1< 0 v L1 o] RSP 13

1.4 Determination of thermo-mechanical and viscoelastic properties............... 13
1.4.1 Dynamic mechanical analysiS.........ccccoovvevieiiieiiieiiie e, 13
1.4.2  Indentation MELNOAS .......ceevvviieiiie e 14

1.5 Coefficient of Thermal Expansion (CTE) .......cccccevvevieviie v 16

2 AIM OF the WOTK ..ot 19
3 Materials and Methods .........ccooieiiiiiiiee e 22
4 Discussion Of the RESUILS ........coviieiiiiiiicece e 23

...................................................................................................................... 23

4.1.1 Process-dependent viscoelastiC Properties .........ccoovevvevveiiveeseesieesvnennns 23
4.1.2 Process-dependent crystallinity..........ccccocoeviiiiiiiiiciic e 25
4.2 Local process-structure-property relationship of extrusion blow molded parts
...................................................................................................................... 26

4.2.1 Local cross-sectional process-dependent crystallinity ............cc.ccoevenee. 26
4.2.2 Local cross-sectional process-dependent mechanical properties.......... 28
4.2.3 Correlation of local crystallinities to local mechanical properties........ 32

6



4.2.4 Local process-dependent structural properties..........cccocvvvveveeseeninenne 33

4.3 Modelling of thermal eXpansion............cccceeveiieeiie i, 36
ST O] o1 1] (oo USROS 46
6 Contribution to Science and PracCtiCe .........ccccvvvvreiieiiniesie e 47
RETEIENCES ... bbb 49
T A0 o U= USSP 55
LISt OF TADIES ...t sre e 56
ADDIEVIALIONS ...ttt bt r e 57
SYMDOIS ..o reere s 58
Greek SYMDOIS ......eeviece e e e 59
Publications, Posters, and PreSentations ..........ccccovvvveienienieseese e 61
CUITICUIUM VT8 ...ttt sttt 63



1 STATE OF THE ART

Hollow polymer products manufactured by extrusion blow molding (EBM) are used
in chemical and automotive industry and consumer packaging [1]. Compared to twin
sheet thermoforming, rotational molding, injection blow molding, EBM is the most
Important processing technology to manufacture complex hollow products and the
third largest plastics consuming processing technique worldwide after injection
molding and extrusion molding [2,3,4]. The first commercial EBM machines
appeared in the USA in the middle of the 1930s followed by further development in
Europe in the late 1940s [1,5,6,7]. Until mid of 1960s the basic knowledge of the
blow molding technique was acquired. During the last decade developments in blow
molding focused the increase economic efficiency and sustainability [1,7].

1.1 The process of extrusion blow molding

The principle of extrusion blow molding process consists of the following steps, Fig.
1[1]:

a) Plasticization of a thermoplastic polymer into a melt using an extruder

b) Extrusion of a molten parison (pre-form) through a die head in an open mold

¢) Closing the mold after the parison has reached the required length and sealing
the parison at both ends and inserting a blow pin into the parison

d) Inflation by blowing air through the blow pin into the parison pressing the
polymer melt against the cold walls of the mold to solidify

e) Opening the mold, retracting the blow pin from the final part and removing
the final part from the mold

f) Trimming of the flash and finishing the part



Fig. 1 Principle of EBM [1]

The main advantages of the EBM process are comparatively low machine and tools
costs. Complex, hollow and large shapes can be molded in one piece at a high
production rate [1,8]. Although EBM is successfully applied for more than 60 years
now, the EBM processing still struggles with problems such as poor control of wall
thickness due to die swell and sagging along the parison. With a partial wall thickness
distribution system (PWDS), where a flexible deformable ring adjusts the radial die
gap along the parison, and an axial wall thickness distribution system (AWDS),
where the upwards or downwards movements of the mandrel adjust the parison wall
thickness, this can be partly overcome [8,9]. Several EBM software simulation tools
are currently available, e.g. B-Sim (Accuform), Polyflow (Ansys) and Rheoware
(IM1), to calculate and predict the optimum wall thickness, temperature distribution
during processing and stress distribution. However, effects related to die swell,
shrinkage and warpage are not or poorly considered by them leading to inaccurate
results. In particular, they do not predict mechanical properties of the final products
properly [10]. Unfortunately, no extensive and comprehensive knowledge about the
process-induced property-structure relation exists for the EBM process so far in
contrast to injection molding [8].

1.2 Polymers for extrusion blow molding

Approximately 80 % of all polymers used for EBM is high-density polyethylene
(HDPE). It is commonly used in food and chemical packaging, high performance
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medical and automotive applications [1,4]. Both molecular weight (M) and
molecular weight distribution (MWD) influence processability and final properties
of polymer products. An increase of the M,, leads to more entanglements preventing
melt fracture during the blowing phase, reduces the slip of segments against one to
another, and leads to higher melt viscosities. A broader MWD is easier to process
than a narrow MWD because the lower M, fractions act as some kind of a lubricant
and lead to parts having a lower crystallinity due to steric hindering of long chains
[7,8]. Thus, the choice of processing parameters and polymer compounds allows for
steering the degree of crystallinity as well as the properties of final polymer products

[7].
1.2.1 Crystallinity, Morphology, and Orientation

During the extrusion of the parison the macromolecules are oriented in extrusion
direction. As long as the parison hangs beneath the die, these orientations have much
time to relax. The blowing of the parison orients the macromolecules mainly in
circumferential direction. As soon as the blown parison touches the cold mold, these
orientations are frozen-in with considerably less time to relax. These orientations
lead to anisotropic materials properties that may vary significantly along and
perpendicular to the orientation direction. In semi-crystalline polymers, orientations
in the melt ease crystallization compared to isotropic polymer melts [8].

Higher processing temperatures cause the molecules to align more readily but
shortens the relaxation time due to increasing molecular motion causing the
orientations to vanish. Therefore, well-combined higher temperature and faster
stretching will produce an optimum orientation to meet the requirements of the final
EBM part. The major challenge of the future will be to design an EBM part and to
steer the EBM process in a way to produce optimal orientation and thus part
properties [8].

Polymers for EBM processing require a broad processing temperature range
providing enough time between extrusion and blowing of the parison without
excessive sagging or solidifying too fast which causes the parison to become
inflatable [1].

Polymer crystallization is a time-dependent phenomenon and depends strongly on

the cooling rate during processing. High cooling rates induce many nuclei leading to

a fine less ordered spherulitic structure [11,12] and a generally low degree of
10



crystallinity. Whereas for low cooling rates, the nuclei start the crystallization
process by forming lamellae which can fan out progressively and form spherulites
[11]. Due to the cooling rate gradient across the wall thickness orientations are frozen
in, and the morphology changes from skin to core [13].

1.3 Methods to determine Crystallinity, Morphology, and
Orientation

1.3.1 Crystallinity

The degree of crystallinity X, can be determined by different methods such as
infrared spectroscopy (IR), nuclear magnetic resonance (NMR), X-ray diffraction
(XRD), and differential scanning calorimetry (DSC) whereas XRD and DSC are the
most commonly used ones. From the radial intensity distribution in XRD, the
integrated intensities of the crystalline peaks are related to the broader amorphous
peaks to determine the crystallinity [14]. From the heat flow between sample and
reference in the DSC cell, the heat of fusion 4H,, is determined, Fig. 2, and related
to a literature value for 100 %-crystalline polymer e.g. for HDPE: AH?, = 293 J/g
[15,16].

>

Heat flow [W/g] — exo

Temperature [°C]

Fig. 2 Typical DSC-melting curve with crystallite thickness distribution of a semi-
crystalline polymer [17]

1.3.2 Morphology

Polymers show a multiplicity of molecular and macromolecular structures ranging
from 0.1 nm to 100 um, Table 1. Morphologies of PE samples are usually
investigated by transmission light microscopy (LM) with polarized light of thin
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sections, where spherulites of different shapes and sizes can be seen. Scanning
electron microscopy (SEM) is used if higher resolutions of deformation structures of
fracture surfaces up to 3 nm are to be investigated providing detailed information
about form and orientation of the lamellae within the spherulites. Transmission
electron microscopy (TEM) has an ultimate resolution to the atomic scale of 0.1 nm.
TEM images provide detailed information about lamellae thickness, lamellae
orientation and lateral lengths of the lamellae. Atomic force microscopy (AFM)
provides further structural information such as topographic spatial details parallel
and perpendicular to the sample surface. A polished AFM sample can show clear
lamellar structures because of the differences between the hard lamellae and the
softer amorphous areas [18]. Morphological investigations indicate the influence of
processing parameters on lamellae structure and orientation [13,19].

Table 1 Structure qualification with corresponding scale [18]

Structure Structures Scale Method
gualification
Molecular level Monomers 0.1nmto 10 | TEM/XRD/AFM
macromolecules nm
Microscopic level |  Lamellae shape, 10nmtol | SEM/TEM/AFM
size and orientation pHm
Mesoscopic level | Spherulites shape, 1to0 100 um LM/SEM
size and orientation
Macroscopic Voids, cracks, > 0.1 mm LM
level heterogeneity

Wy

i

EII:I: zr;:.if Str]Lr:é?l.:lfc;r of Arrangement Structure Crystal structure,
Pe . of lamellae of lamellae orientation
spherulites spherulites

l | | I ] l |
= 100 pm 10 pm Tum 100 nm 10 nm 1nm 0.1 nm

Overview of structural and morphological elements of semi-crystalline polymers from
nm to pum scale
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1.3.3 Orientation

Birefringence, IR-fluorescence and polarized Raman spectroscopy, NMR and X-ray
diffraction are used to quantify molecular orientations [19]. The standard method to
quantify orientation in polymers is wide-angle X-ray diffraction (WAXD) with
diffraction angles larger than 4°. The X-ray beam hits a sample and is diffracted
generating Debye-Scherer rings. The evaluation of the diffracted intensity along
these rings contains the orientation information with respect to a certain
crystallographic direction which is usually represented in pole figures. From the pole
figure, the diffraction intensity distribution of the crystalline reflection has to be

integrated to obtain cos? ¢, i for the calculation of the orientation factors:

2 .
foﬂfo ”Ihkl(qﬁj,aj)cosz¢jsm¢jdajd¢j
2 .
fozrfo ﬂlhkl(¢j,aj)sm¢jdajd¢j

1)

cos?¢,; =

EBM generates orientations in all spatial directions. Several approaches for the
quantification of biaxial orientation were developed [20-25] based on the description
of uniaxial orientation of polymer fibers by Hermans [26-29]. The biaxial orientation
functions of White and Spruiell [30] allowed for a new approach of orthorhombic
lattice systems using Eq. (1).

1.4 Determination of thermo-mechanical and viscoelastic properties

1.4.1 Dynamic mechanical analysis

The dynamic mechanical analysis (DMA) allows for measuring viscoelastic complex
moduli of materials as a function of temperature and frequency. Significant changes
of the complex modulus indicate phase changes such glass transition, crystallization
or melting. [17,31].

Usually a small sinusoidal deformation &(t,w) is applied to a sample and the phase-
shifted force response oft, w) is measured, Fig. 3.

13



strain €

stress ©
Q
o S
Q ™

o

1/f e dlw

A 4

E i
Fig. 3 Sinusoidal input (¢(z,w)) and the response signal (e(t,)) with the phase angle tano
(left); diagram of the modulus E* in the complex plane (right) [32]
The strain g(w,t) is given by:
e(w,t) = g5(w) sin(at) = gy(w) * e (@D (2)
with the strain amplitude &(®). The measured response stress o(w,t) is:
o(@,t) = 04(w)(sin wt + 8(@)) = gy (@) * el(@+8(@) (3)

with stress amplitude op(w) and phase angle (6). Then the complex modulus E*(w)
Is given by:

oo (w)xe (@) +e1(0)

E*(w) = = Ey(w)cosd(w) +i Ey(w)sindw) (4)

£o (w)*e i(wt)

Storage modulus E' (w) Loss modulus E'' (w)

The real part of the complex modulus E*(w) represents the storage modulus E’(w)
which is a measure of the elastic behavior and the imaginary part of the complex
modulus E*(w) represents the loss modulus £’’( @) which is a measure of the viscous
behavior and lags behind by the phase angle J(w), respectively. The ratio
E’’(w)/E’(w) is tand(w) or loss factor used as a measure for the damping behavior
of a viscoelastic material. As polymer processing influences the mechanical
behavior, DMA is the preferred method to determine process-induced viscoelastic
behavior.

1.4.2 Indentation methods

Indentation methods allow for determining local mechanical properties of materials.
Instrumented indentation measures force and displacement during loading and
unloading which allows for the determination of e.g. indentation hardness, stiffness,
elastic modulus. Oliver and Pharr [33,34] developed a method to extract Young’s
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modulus using the stiffness S. The contact stiffness of the sample is related to the
reduced modulus E; and the indenter contact area A:

dP unload 2
S = (E)h:h = \/—}* Er * \/Z (5)

where the reduced modulus E, depends on moduli and Poisson’s ratios of indenter
and sample, respectively. The modulus of the sample can be calculated from:

.
Bo=50sEus ©)

Modern instrumented indentation techniques such as micro-indenter, nano-indenter
and atomic force microscopy (AFM) are usually operated with a three-sided
pyramidal indenter, the Berkovich indenter. The indentation dependent contact area
Is given by

A = 3v/3 % h? * tan®0 = 24.5 x h? (7)
with ©@ = 65.27° as the half space angle for the Berkovich tip [35].

An important issue that has to be considered during indentation is the response of the
sample in terms of sinking-in or piling-up. Instrumented indentation analysis is based
on sinking-in. However, if piling-up occurs, the contact depth exceeds the measured
indentation depth and the calculated elastic modulus is overestimated [34,36].

A further issue is the determination of the first contact of the indenter with the sample
surface. The first contact can be determined by monitoring force and indentation at
a high indenter speed and a sharp rise of the force is set as the point of contact [37].
Alternatively, the first contact is given if the contact force exceeds a preset small
value. Afterwards, the curve must be fitted to determine the first contact as an offset
for obtaining adequate loads and displacements [35].

Instrumented nanoindentation

Over the last 30 years, instrumented nano-indentation (INI) has become a routine
technique to investigate mechanical properties of thin films, coatings, blends/alloys,
and composites. Since INI works with lower loads and displacements, the effect of
surface energies and their related adhesive forces may become relevant for the force
behavior on the nanoscale [37-40]. Beside the adhesive forces friction between
sample and indenter may influence the indentation measurements. A larger indenter
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tip angle inhibits a higher effect of friction [41]. Furthermore, the roughness of the
sample surface also influences indentation measurements.

The indentation size effect (ISE), a scale-dependent behavior as the hardness
increases with decreasing penetration depths, may become relevant at penetration
depths lower than 1 um or for spherical indenters with diameters less than 100 pm.
An apparent ISE can be caused by false sample surface preparation and/or errors in
indenter area-function and instrument compliance calibration [42]. In comparison
with metals, the literature on the ISE of polymers is scarce and the mechanism not
well understood [43-45].

INI - dynamic mode

Beside the conventional quasi-static instrumented indentation measurements, the
dynamic instrumented indentation, generally called continuous stiffness
measurements (CSM), allows the determination of local viscoelastic properties.
Similar to the DMA, the CSM applies a small sinusoidal load P(t) at a given
frequency o imposed on a quasi-static indentation load Psiaric. According to the
determination of the complex modulus E*, Eq. (4), and the stiffness S, Eq. (5), the
time-dependent stiffness S(t) is given by

P(t, 2 .
S(t, ) = hﬁtg = =+ E* () * VA (8)

which is true for instruments with infinitive stiffness and for ideal elastic solids. To
determine the real instrument stiffness, a solid instrument compliance calibration has
to be performed. A further advantage of the CSM is that it provides a more accurate
measurement as there is no initial surface contact problem what significantly
decreases the measuring time [37,46,47].

EBM parts should exhibit an asymmetric temperature distribution across the wall
thickness which should be reflected in crystallinities and local mechanical properties.
INI should be able to measure Young’s moduli across the part thickness [48-50].

1.5 Coefficient of Thermal Expansion (CTE)

All materials change dimensions if temperature varies. As the behavior of polymers
IS mainly dominated by van der Waals interaction, their thermal expansion is
significantly more pronounced than that of metals and ceramics. The coefficient of
thermal expansion CTE is given by
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BT, 1 _ e

Xmeasured (T) = Lo * AT = AT (9)

with temperature dependent length change AL(T), initial length Lo, temperature
change AT and temperature induced strain &(T) [17]. In the case of semi-crystalline
polymers, thermal expansion is relatively complicated due to the lamellae structure.
The behavior of thermal expansion for semi-crystalline polymers is basically
governed by at least three CTE’s:

1. CTE of crystalline region — along the crystallographic c-axis (a!..
Thermal expansion is governed by strong covalent bonding forcing along the
chains and weak van der Waals forces perpendicular to the chains. This leads
to CTE being close to zero or even negative [51-53].

2. CTE of crystalline region — perpendicular to the crystallographic c-axis

(acr)
In the crystalline region the chains are denser packed than in the amorphous
region. Thus, the larger van der Waals forces lead to smaller CTEs compared
to @,y [51]. CTE may differ for the crystallographic a- and b-axes due to the
crystal lattice and an anisotropy in thermal expansivity is to be expected
[51,52,54].

3. CTE of amorphous region (a,;,)

It is considered to be isotropic as long as it is kept above Ty in the molten state
where the orientation of chains can relax. The CTE is given by that of the melt.
Below Ty, a,., approaches az,. as the binding energies become similar [52,55].

CTE’s depend on processing and may differ significantly from the CTE of crystalline
and amorphous phases, Table 2. This means that measured CTE a,,,0q5ureq have to
depend on microscopic CTE a!.., al., and a,,,, degree of crystallinity X¢ and
process-induced orientations. Highly oriented polymers in the amorphous phase may
even shrink upon heating.
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Table 2 CTE of PE and PP of crystalline phase, amorphous phase and produced parts
PE-HD (Backbone forms an PP (Backbone forms a

Polymer all-trans chain configuration in helical chain configuration in
the crystalline phase.) the crystalline phase.)

al. -13* 10K  [52,54,56-58] -10*10°*K' [58]
1 40-130*10%*K™?

Ger [52,54,57,58] 136*10°*K [58]

Qum 300*10°*K?*  [56-58,62] 98*10°*K™! [58]
injectlon molded 1 Agx106%K1  [59] 61*105%K [59]
ST o -12.3*10°*K!  [60,61] -8.7*10°6*K! [58]

Measurement of CTE using thermomechanical analysis (TMA)

A TMA device is an instrument that allows for sensitive measuring of thermally
induced length changes due to a defined temperature protocol and is therefore able
to determine process-induced anisotropic thermal behavior. An important issue for
precise TMA measurements in compression and penetration mode is the sample to
be absolute plane parallel. This can be achieved by accurate sample preparation with
e.g. a diamond annular saw under steady water cooling to avoid thermal induced
property changes. For the TMA measurements in tension and 3-point bending it is
essential the sample the have a consistent thickness distribution for the entire
measuring length.

Furthermore, the thermal expansion can also be determined by DMA in tension
mode, but with less resolution than the TMA. Although the DMA measures
dynamical, with very low loads and amplitudes the influence of the measuring
method on the samples’ expansion is brought to a minimum and a good enough
resolution can be achieved.
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2 AIM OF THE WORK

A poor wall thickness control during EBM processing caused by e.g. die swell and
parison sagging during the extrusion phase of EBM are insufficiently comprehended.
Furthermore, even up to now there are not many research papers dealing with the
processing-structure-property relationship of EBM in contrast to injection molding.

The chosen EBM processing parameters such as mold temperature, and draw ratio
influence the structure formation process, which determines thermo-viscoelastic
properties, and thus the long-term performance of any manufactured part.

The cooling conditions of the EBM process are not symmetric due to a cold mold on
the outside and ambient air on the inside. Thus, all manufactured parts should exhibit
an asymmetric, cross-sectional crystallinity distribution and correspondingly
asymmetric cross-sectional stiffness and strength dependencies. Therefore, another
focus of the PhD work addresses the determination of local crystallinities and local
mechanical properties such as local stiffness over the wall thickness of a part. To
achieve this goal new testing methodologies have to be developed.

The focus of this work lies in the following points:

e gaining a detailed understanding of how the chosen processing parameters
affect structure formation during solidification and the final morphology of
EBM parts

e correlating final morphology to the corresponding anisotropic thermo-
viscoelastic properties

e developing a new model for anisotropic crystallinity dependent thermal
expansion to allow for the prediction of shrinkage for an optimization of
EBM parts (this model is to be implemented in FE packages developed to
calculate the performance of EBM parts but the implementation is not part
of this PhD work).

In the case of the mostly used polymer for EBM, polyethylene (PE), the relevant
morphological quantities are molecular and lamellar orientation (investigated by X-
ray diffraction (WAXD and TMA), crystallinity (by DSC) and the spherulitic
superstructure (by LM and TEM). These morphological quantities have to be
correlated to the thermo-viscoelastic behavior mainly determined by DMA over a
wide frequency and temperature range.
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The presented results are also summarized in the following publications:

On merging DMA and microindentation to determine local mechanical
properties of polymers.

E. Ramakers-van Dorp, T. Haenel, F. Sturm, B. Méginger, B. Hausnerova;
Polymer Testing, 2018, Volume 68, 359-364

Development of an advanced dynamic microindentation system to
determine local viscoelastic properties of polymers.

E. Ramakers-van Dorp, T. Haenel, D. Ciongwa, B. Mdginger, B. Hausnerova
Polymers, 2019, Volume 11, 833-846

Process-dependent structural and deformation properties of extrusion
blow molding parts.

E. Ramakers-van Dorp, C. Blume, T. Haedecke, V. Pata, D. Reith, O. Bruch,
B. Mdginger, B. Hausnerova

Polymer Testing, 2019, Volume 77, 105903

Local process-dependent structural and mechanical properties of
extrusion blow molded high-density polyethylene hollow parts

E. Ramakers-van Dorp, B. Eger, C. Raschen, M. Urbanek, B. Mdéginger, B.
Hausnerova

Submitted to Polymer Testing, September 2019

Thermal expansion of semi-crystalline polymers: Anisotropic thermal
strain and crystallite orientation

E. Ramakers-van Dorp, B. Mdginger, B. Hausnerova

Submitted to Polymer, November 2019

The final long-term goal is the theoretical prediction of cross-sectional distributions
of crystallinity and viscoelastic properties of EBM parts based on the chosen
processing parameters. If these cross-sectional distributions are known, it is possible
to calculate the bulk part behavior (internal stress states and warpage) for any given
load case. Furthermore, this approach provides information where the wall thickness
can be reduced to save raw materials.

A better understanding of the processing-structure-property relationship of EBM
processing provided in the Thesis, Fig. 4, will lead to optimized thermo-viscoelastic
performance of EBM parts and more sustainable parts due to significant reductions
of polymer use and energy input as well as waste.
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Fig. 4 Flow chart of the methodology and techniques employed in the PhD thesis
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3 MATERIALS AND METHODS

Material used in this study was a commercial HDPE (Lupolen 4261AG,
LyondellBasell) with a nominal density of 0.946 g/cm? at 23 °C and a mass flow ratio
(MFR 190 °C, 21.6 kg) of 6 g/10 min [63]. For this study, hollow containers were
produced on an extrusion blow molding machine BFB 2-30 T (Mdller Fischer,
Germany) by using a special mold that was developed in a preliminary study [64].
The containers were produced at two different mold temperatures (5 °C and 50 °C)
and draw ratios (2 and 3.4).

Methods to determine the bulk and local process-dependent thermo-viscoelastic
properties are listed in Table 3.

Table 3 Measuring methods, determined quantities, instruments and standards

Method Measured quantity Instrument Standard
Storage modulus Netz_sch DMA 242 C ENISO 6721-1 [65]
3-point bending mode EN ISO 178 [66]
DMA 3-point bending @ 1 Hz, 50 um maximum amplitude, 5 N maximum
dynamic force, 0.5 N static preload, from -40 °C up to 100 °C with
2 K/min heating rate
- Perkin Elmer DSC EN ISO 11357-3
Crystallinity
DSC 8000 N 1/ E—
-20 °C up to 180 °C with 20 K/min heating rate in a nitrogen
atmosphere
Lamellar structure Jeol JEM-2100 No standard
TEM 80-100 nm cross sections, stained with ruthenium tetroxide [68],
120-160 kV
Thermal expansion Netzgch DMA 242 C EN ISO 6721-1
Tensile mode
TMA Tensile @ 5 Hz, 0.5 um maximum amplitude, 0.01 N maximum
load, 0.01 N static preload, from 0 °C up to 150 °C with 5 K/min
heating rate
Integrated intensity ~ Bruker D8 Discovery No standard
WAXD Pole figures: 0.1 mm collimator, CuKa radiation at 50 kV and 1 mA,

30 s scanning time per step, rotation: 10°-steps over 360°, tilting: 9°-
steps over 80°
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4 DISCUSSION OF THE RESULTS

4.1 Bulk process-structure-property-relationship of extrusion blow
molded parts

Materials structures and properties of EBM parts are influenced by processing
parameters such as draw ratio and mold temperature. Their influences on storage
moduli with respect to flow direction were analyzed with DMA. The crystallinities
were determined by DSC. Statistical evaluation affirmed significant results.

4.1.1 Process-dependent viscoelastic properties

The dendrogram shows a cluster analysis of all storage moduli, Fig. 5. Besides large
similarities between 10 °C temperature differences, the cluster analysis reveals two
main clusters at room temperature which means that no similarity between these
clusters exist. This non-similarity can be explained by the storage conditions of the
extrusion blow molded samples at room temperature between production and
measurement.
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Fig. 5 Dendrogram: a cluster analysis of storage moduli (Minitab 14, Minitab Inc.)

The ANOVA (p-value = 0.05) showed that the influence of flow direction, draw
ratio, and mold temperature on moduli were process-dependent for certain
temperature ranges (p < 0.05), Fig. 6. The process-independencies (p > 0.05) can be
explained by relaxation processes during sample storage around room temperature.
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Fig. 6 Statistical p-values of the variables over temperature

Fig. 7 shows the differences in storage moduli for the flow direction parallel minus
perpendicular, 3.4 draw ratio minus 2 draw ratio, and 50 °C mold temperature minus
5 °C mold temperature. For the flow direction samples measured parallel to the flow
direction show higher storage modulus than the perpendicular ones. The frozen-in
stretched molecules perpendicular to flow direction due to the inflation [8] cause
lamellae growth in flow direction [11] increasing storage modulus. For higher
temperatures the distinction between storage moduli parallel and perpendicular to the
flow direction decreases due to relaxation of orientations and internal stresses.

Up to a temperature of 10 °C, for 3.4 draw ratio higher storage moduli are measured
than for 2 draw ratio where the orientation caused during stretching dominates.
Between 20 °C and 50 °C a cross-over is detected with negative values. Here the
lower draw ratio of 2 shows higher storage moduli becoming significant above 60 °C.
The insignificant and process-independent area occurs around room temperature
which coincides with the sample storage temperature, Fig. 5. During sample storage
and at elevated temperatures, relaxation may dissolve orientations caused by the
higher draw ratio.

For the mold temperature significant positive values were obtained for the entire
temperature range. A higher mold temperature reduces the cooling rate and increases
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crystallinity which results in higher stiffness [69,70]. The above mentioned
relaxation processes do not affect the influences of the mold temperature on modulus.

400

300

N
(=]
o
L
[ ]

E’' Difference [MPa]
o 8

-100

'200 T T T T T T 1
-40 -20 0 20 40 60 80 100

Temperature [°C]
e flow direction 4 drawratio = mold temperature

Fig. 7 Trend lines of the relative effects of statistically significant parameters
over the measuring temperature

4.1.2 Process-dependent crystallinity

Although there are small differences in mean crystallinities, a one tailed t-test
showed that draw ratio und mold temperature have a significant influence on the
crystallinity, Table 4. Higher mold temperature and draw ratio lead to higher
crystallinities due to lower cooling rates and higher molecular orientation,
respectively [69-73].

Table 4 Crystallinities and p-values for parameters mold temperature and draw ratio

Crystallinity
Parameter ) o-value
Mold 5 56.3 (+0.6)
temperature (°C) 50 57.5 (x0.7) <0.001
Draw 2 56.2 (+0.9)
ratio 3.4 56.9 (£1.3) 0.004
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These results of bulk properties show that the considered processing parameters
influence both mechanical properties and crystallinity of EBM parts. Therefore, these
process-dependent and process-independent data can be employed for more
sophisticated finite element simulations to reach a more sustainable EBM
production.

4.2 Local process-structure-property relationship of extrusion blow
molded parts

During EBM processing a temperature gradient occurs from the outer to the inner
parison side due to different cooling rates because of the cold mold outside and the
ambient air inside [8]. These non-isothermal cooling conditions lead to property
changes across the cross section which results in different bulk and local process-
dependent properties. To investigate the local process-structure-property
relationship the cross-sectional changes of crystallinity were determined by DSC.
As crystallinity strongly correlates to mechanical properties, local cross-sectional
process-dependent complex moduli were analyzed with DMA microindentation.
Furthermore, flow-induced molecular and crystallite orientation was investigated
using WAXD and TEM.

4.2.1 Local cross-sectional process-dependent crystallinity

Cross-sectional crystallinity of samples with two draw ratios (2 and 3.4) and two
mold temperatures (5 °C and 50 °C) were determined with DSC. For all samples
increasing crystallinities are found from the outer side to the inner side, Fig. 8.
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Fig. 8 Process-dependent local cross-sectional crystallinities of the EBM part,
where 0 um represents the mold side and 1000 pum the inner side
correspond to fits using a second order polynomial

The outer and the inner side show lower crystallinities than the middle due to the
cooling conditions. At the inner side lower crystallinities are found than in the middle
but higher than at the mold side. This can be explained by the difference in cooling
(mold and ambient air) and the effects of thermal insulation due to the low thermal
conductivity of the polymer melt.

A higher draw ratio leads to slightly higher crystallinities for the samples (2/5) and
(3.4/5) and vice versa for the samples (2/50) and (3.4/50). A higher mold temperature
leads to slightly higher crystallinities in the case of 2 draw ratio, whereas no
difference in crystallinity can be detected in the case of 3.4 draw ratio. These results
indicate that higher molecular orientations due to higher draw ratio affect
crystallinity only when solidification is that fast that relaxation processes cannot
completely level them out. At lower mold temperature the relaxation processes have
not enough time to level out the molecular orientation and crystallization benefits
from it [72,73]. At higher mold temperature the relaxation processes are able to level

27



out the molecular orientations to a certain extend that crystallization becomes only
dependent on cooling rate.

4.2.2 Local cross-sectional process-dependent mechanical properties

Local mechanical material properties are usually measured with micro- or
nanoindentation. Since an appropriate instrument was not available, a new measuring
method was developed by merging indentation and DMA allowing for the
determination of both local process-dependent mechanical and bulk properties using
the same instrument.

Concept and development of the DMA microindentation

Commercially offered DMA instruments allow for measurements of viscoelastic
bulk properties with respect to effects of time, temperature and frequency. To obtain
access to local viscoelastic properties, a new indenter method was designed for a
Netzsch DMA 242 allowing for the implementation of Berkovich, Rockwell, Vickers
diamond indenters, and a fine tipped tungsten cone indenter, Fig. 9.

(b)

Fig. 9 Special indenter holders for (a) tungsten needle and (b) diamond indenters

(a)

In order to perform spatially resolved measurements, the DMA was equipped with
an x-y-stage and a laser positioning system, Fig. 10.
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Fig. 10 Specially developed x-y-stage with a laser positioning system for spatial resolution of
microindentations

Important issues that generally have to be considered during indentation are (a)
instrument frame compliance, (b) determination of the first contact between indenter
and material, (c) surface energies such as adhesive or compulsory energies between
indenter and sample, (d) indentation size effect, (e) tip geometry imperfections, and
(f) piling-up or sinking-in of a material (also see chapter 1.4.2).

(a) During indentation, a combined stiffness of the instrument and the sample is
measured. To obtain exact results, an accurate calibration of the instrument
frame compliance is essential. This ensures that only the sample response is
evaluated without any influence of the instrument on the measurement [37].
The DMA 242 was therefore calibrated with a 3 mm flat punch in accordance
with the manufacturers procedures.

(b) The first contact of the indenter with the sample is essential for an adequate
results evaluation [35]. To obtain reliable data, the DMA microindentations
were divided into 2 segments. The first segment was displacement controlled
and consisted of very low amplitude and load to ensure contact between
indenter and sample and to set a zero position for the following segment. The
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second segment was force controlled with higher amplitude and load as the
actual measurement.

(c) The effect of surface energies and their related adhesive or compulsory forces
are relevant for measurements on nanoscale [37-40]. Since the DMA
microindentation works on a microscale with relatively large displacements
and high loads, the surface energy effect was neglected.

(d) The indentation size effect (ISE), where the hardness increases with
decreasing penetration depths mostly caused by sample surface and/or
indenter imperfections, could become relevant for penetration depths lower
than 1 pum or for spherical indenters with radii less than 100 um [42]. This
effect was not considered as the DMA microindentation works with larger
displacements.

(e) Indentation data evaluation according to Oliver and Phar [33,34] is based on
concise axisymmetric indenter geometry. Modern indentation instruments
provide a computational correction after an accurate tip calibration for further
data evaluation. Since the software of the DMA 242 does not allow this
computational correction, the indenter geometries were evaluated optically
with a calibrated LM.

(f) Indentation analysis is based on the elastic contact theory assuming sinking-in
of the sample. Piling-up of the sample during indentation however, causes the
calculation of the elastic modulus to be overestimated [35,46,74]. Since the
effect of piling-up on this overestimation becomes smaller at high penetration
depths [74], and there is still standard evaluation procedure, piling-up or
sinking-in was not regarded within the data evaluation of the DMA
microindentation.

Data evaluation of DMA microindentation measurements

The evaluation of the indentation measurements is based on the Oliver & Pharr
concept [33,34] and the complex modulus E*(w) was calculated with Eq. (6). The
effective indentation area for the different indenter geometries can be determined
using Table 5.
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Table 5 Contact areas (projected area) of the used indenter geometries

Indenter Geometry Contact area A (mm?)
Berkovich angle 0=65.27°  3x+/3=tan*(a)*h?’ 24.494 * h’
Rockwell radius R=200 pm T*2%Rx*h? 1.257 *h’
Vickers angle a=68° 4 * tan®(a )’ 24.504 * h?
Cone angle a=14° z*tan’ a *h’ 0.195 % h’

The DMA analysis software, FOURIER-analyses the response signal of the sample
but uses only the intensity at measuring frequency w for data evaluation purposes. A
non-sinusoidal response signal results in pronounced intensities at higher order
frequencies. Their effects may be neglected as long as their intensities do not exceed
10 % of the intensity at measuring frequency. All three diamond and the 1.0mm
diameter tungsten cone indenter showed a sinusoidal response signal with less than
10 % overtones of the first order frequencies.

The complex local moduli measured with DMA microindentation on various
polymers mainly correspond to complex bulk moduli measured with 3-point bending
and literature values [75,76] taken from tensile tests, Table 6. Differences in the
results can be explained by local inhomogeneities e.g. caused by processing.

Table 6 Comparison of complex moduli (MPa) of the investigated polymers determined
with the 4 indenter geometries, three-point bending,
and Young’s moduli from literature [75,76]

Polymer Berkovich Rockwell Vickers Cone 3-point Literature
PBT 17374358 1821+78 1919+353 2890+378 2787+84 2500-2800

PC 1957+317 2142+351 2289+156 2726+386 2380+19 2200-2600
PP 1425+49 1394+133 1449+230 - 1716+2 1300-1800
HDPE 19294302 1553+75 1381+339 1053+175 1565+33 600-1500
TPU 26+3 24+3 24+2 38+2 73+3 20-400

The reproducibility of complex moduli using the tungsten cone indenter was checked
on unannealed and annealed PC plates with (3217 £ 729) MPa and (2402 + 253)
MPa, respectively. The higher value for the unannealed PC can be explained by
internal stresses and molecular orientation caused by processing which could relax
during annealing leading to a lower complex modulus with less scatter. In order to
spatially resolve material surface properties DMA microindentations were
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performed on the cross-section surface of the narrow middle part of unannealed
injection molded HDPE tensile bar, Fig. 11.
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Fig. 11 Measured complex moduli along the cross sectional area of an unannealed HDPE
tensile test bar (dots) with second order polynomial fit as trend line (dashed line)

Close to the edges of the test bar, the complex moduli exhibit lower values than in
the middle. Due to fast cooling rates close to the mold, fewer crystallites were formed
near the edges leading to lower complex moduli. In the center of the cross-section,
slower cooling rates gave more time to crystallization leading to higher crystallinities
and higher complex moduli.

The sensitivity and the reproducibility of DMA microindentation data generated by
the three standard diamond indenters and the fine tipped tungsten cone indenter allow
for quantitative distinguishing small differences of mechanical properties. Thus,
DMA microindentation is a suitable method to resolve viscoelastic material
properties spatial on a local level.

4.2.3 Correlation of local crystallinities to local mechanical properties

Spatially resolved microindentation measurements along the cross-sectional surface
of EBM parts processed with mold temperatures of 5 °C and 50 °C and draw ratios
of 2 and 3.4 are compared to the cross-sectional crystallinities in Fig. 12 showing
three facts:
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e Although the mean crystallinities are very similar it is clearly seen that a lower
mold temperature leads to higher complex moduli compared to the higher
mold temperature. This clearly indicates that frozen-in orientations and
internal stresses also affect the complex moduli.

e The draw ratio hardly influences the complex moduli.

e Crystallinities and complex moduli close to the mold side were lower than
those to the inner side and the middle of the cross-section.
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Fig. 12 Effects of mold temperature and draw ratio on local crystallinities and complex
moduli along the cross-section of the EBM part, second order polynomial fits
are displayed as trend lines

4.2.4 Local process-dependent structural properties

Pole figures for the a- and b-axis were measured with WAXD. A comparison of the
pole figures for the a-axis of sample (2/50) and sample (3.4/5) at the mold side for
which the orientation should be extreme is shown in Fig. 13. The blue ellipses in
both pole figures indicate that the a-axis is similarly randomly distributed for both
samples in the normal and transverse (ND-TD)-plane being perpendicular to the
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MD-plane. Furthermore, the circular pattern, the red circles, indicates also random
and low orientation of a-axis around the TD-plane for both samples.

(2/50) (3.4/5)

D

Fig. 13 Pole figures for a-axis for sample (2/50), left, and sample (3.4/5), right

If there is only a small preferential orientation, the orientation factors for all three
axes were calculated from the pole figures using (Eq. (1)). The orientation factors
indicate for all samples some kind of biaxiality,

fB1a = By (10)
B1p = fBop; (11)
fB]_c ~ fBZC. (12)

Since the c-axis coincides with the backbone direction of the polymer chain, these
orientation factors are plotted in a White-Spruiell isosceles triangle diagram, Fig. 14.
Generally, all samples show a biaxial orientation of the c-axis and are slightly
oriented towards TD. The sample (3.4/5) shows more tendency towards biaxiality
than the sample (2/5). Orientation in TD is caused by inflation whereas orientation
in MD is caused by gravity. The only slightly orientation towards TD can be
explained by the fact that process-induced orientations are able to relax as long as
the melt did not solidify [77].
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1

Fig. 14 White-Spruiell isosceles triangle of c-axis of orientation factors derived from X-ray
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(2/5) mold side
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(3.4/5) inner side
(3.4/5) middle
(3.4/5) mold side
(2/50) inner side
(2/50) middle
(2/50) mold side

diffraction, the dashed line represents biaxial orientation

Fig. 15 shows transmission electron micrographs for sample (3.4/5) close to mold
side and inner side and both in MD and TD direction in which lamellar orientations
should be most developed. However, the lamellae in all micrographs are randomly
oriented showing no preferential lamellae orientation parallel or perpendicular to MD
or TD. In Fig. 15(a) small spherulites are visible even close to the cold mold side as
circular pattern this is consistent with isotropy and low levels of biaxiality. As the
orientation factor triangle, Fig. 14, showed no clear uniaxial orientation in MD or
TD as well no shish-kebab structures or other preferential lamellar orientations can

be confirmed.
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Mold
side

Inner
side

Fig. 15 Transmission electron micrographs of sample (3.4/5), (a) parallel to MD close to the
mold side, (b) parallel to TD close to the mold side, (c) parallel to MD close to the inner side,
(d) parallel to TD close to the inner side

These investigations revealed an orientation of the c-axis with a low level of
biaxiality having a slight tendency towards the TD which is more pronounced at low
mold temperature and high draw ratio. The low level of biaxiality was supported by
transmission electron micrographs showing no preferential lamellae orientation.

4.3 Modelling of thermal expansion

An important issue not sufficiently considered by EBM simulation software is
shrinkage and warpage which is linked to thermal expansion. Therefore, a new model
to calculate thermal expansion of semi-crystalline polymers was developed.

Most semi-crystalline polymers crystallize in a lamellae structure consisting of
stacked amorphous and crystalline layers represented in an elementary volume unit
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cell (EV), Fig. 16, given by width bg in x-direction, thickness ¢, in y-direction and
height hg in z-direction. The height of the crystalline lamellae is given by ho.

z

crystalline
phase

amorphous
ho y phase

crystalline
phase

hO,cr y

)\, X

Fig. 16 Sketch of the elementary volume unit cell (EV) for semi-crystalline polymers

The properties of crystalline and amorphous phase differ significantly, Table 7 [52-
62,78-82]. Consequently, the thermal expansion behavior of the EV has to be
anisotropic.

Table 7 Coefficient of Thermal Expansions CTE and Young’s moduli of crystalline and
amorphous phase of PE taken from literature [52-62,78-82]

Property Variable Value
CTE perpendicular to crystal chain axis in o 100 10-6%K-L
x-direction

CTE perpendicular to crystal chain axis in . L1
y-direction Fery JURELS
CTE along crystal chain axis in o 112 10°*K1
z-direction o

CT!E amorphous phase in x-, y- and a .o .« 300 10°*K-L
z-direction amx T ramy T rame

Young’s modulus perpendicular to crystal = 3500 MPa
chain axis in x- and y-direction o Xy ’

Young’s modulus along crystal chain axis E! 300.000 MPa
in z-direction o ’
Young’s modulus of amorphous phase in E E 10 MPa
X-, y- and z-direction amx? TTamy! “am.z
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The thermal expansion mainly takes place perpendicular to the lamellar plane in z-
direction, because the volume change due to temperature of the amorphous phase is

larger than for the crystalline phase: &, >>a_ >> ., which constraints thermal
expansion of the amorphous phase in the lamellar plane.
This behavior is shown in Fig. 17 which illustrates the establishment of anisotropic

thermal expansion from initially free expansion and to anisotropic expansion by
adjusting equilibrium with tensile and compression forces in x- and y-direction to

calculate the ultimate CTE «,, &, , and a°’ of the EV.

(a) Initial state at T=T, (b) Free expansion at T=T,+AT
yl\ y
”{9“ T/

77 =777
////////////////
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bo fuDx b,
(c) Adjusting equilibrium (d) Adjusting equilibrium

b, at T=T,+AT c, at T=T+AT

" peomressioy ///

co

Fig. 17 The 4 stages of modelling thermal expansion to calculate the ultimate anisotropic
coefficients of thermal expansion (CTE) in x-, y- and z-direction
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The modelling of the EV provides the following normalized width, thickness and height:

am,z AT) (1+ aam,y AT) Eam,x(T)
+al AT) [+ai AT) EL (T) (13)

L+, AT) L+ a2 AT) L+ @y AT) E,n  (T)

1+al AT) l+a, AT) Ql+a,,, AT) ES (T)
y ) )

cr,z

x, — (1-x,) (tra

5T (11 ¢ AT)

cr,x
b,

Xer — (1_ Xcr)

X2 —X (1_X )(1+aam,y AT) (1+aam,z AT) Eam,x(T) + (1+a:yAT) (1+aam,x AT) Eam,y(T)
T N Ll AT) Qe AT)EL(M) @+ el AT) L+ a,,, AT) EX (T)

cr,y cr,z cr,x

(1 + aam,y AT ) (l + aam,z AT )2 Eam,x (r) Eam,y (r) (14)

+ (1%, ) i ;o i
CY(T):(l_'_aL AT) (1+acr,yAT) (1+al‘r.zAT) Ecr,x(r) Ecr,y(r)
C, o ; (+a,, AT)((+a, AT)E, (T) (@Q+a’, AT)@+a,, AT)E,, @)
Xcr - Xcr (1_ Xcr) ' 7 : + 7 : 7
L+a! AT)\@+ar, AT)EL (M) @+al, AT) L+ e, AT) EX (T)
+(1_X )2 (1+aam,z AT)Z Eam,x(T) Eam,y(T)
" (+al,AT] E.(ME,,M)
1 _Afry €L _Rfrx fr, fr,x
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With them the ultimate CTE in x-, y-, and z direction can be calculated as follows:
1b,(M)-by, 1 (b(T)
T)=— 2>+ 72 0_ - 1>/
() b, AT AT | b, J (16)
1 Cy(T)_CO 1 Cy(T)
=2 - - |2 -1
ay,(T) c, AT AT | ¢, a7
1 h(@-h 1 (h(T)
Ty=— 2/ '0o__= |2\ /_ 1
“M == At ) (18)
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Introducing CTE and Young’s moduli of crystalline and amorphous phases of PE
from Table 7 to Eqg. (16), (17) and (18) allows for calculating the ultimate
anisotropic CTE in x-, y- and z-direction as function of the crystallinity, Fig. 18.
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Fig. 18 Calculation of the ultimate anisotropic CTE’s as function of the crystallinity

As expected the ultimate CTE in z-direction (along the polymer backbone of
crystalline phase) strongly depends on crystallinity in contrast to the ultimate CTE
in x- and y-direction. Because of the fact that the moduli of the crystalline phase
exceed the moduli of the amorphous phase at least by 2 or 3 orders of magnitude
thermal expansion in x- and y-direction is kept small and constant except for
X=0. Checking the boundaries shows that the model yields reasonable ultimate
CTE:

e the ultimate CTE are 300*10°*K for a 100 % amorphous PE in all
directions, and

e it reproduces the CTE of the crystalline phase in x-, y- and z-direction for
a 100 % crystalline PE as ultimate CTE.

The thermal expansion of the EBM parts parallel to extrusion direction is lower
than perpendicular to the extrusion direction (MD), Fig. 19.
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Fig. 19 Measured thermal expansion parallel (l), left, and perpendicular (1), right, to the
extrusion direction (the curves A, B, and C are vertically shifted by a constant value of
0.75 %, 0.5 %, and 0.25 %, respectively, for clarity reasons)

Due to the EBM processing the molecules were oriented in TD by stretching
which causes the lamellae to grow parallel to MD. Having the EV in mind, Fig.
16, one expects a higher thermal expansion in TD (model z-direction) as the

amorphous phase can expand more, and the expansion is hindered by the
connected crystalline regions.

Crystallinity decreases due to partial melting when approaching the melting
temperature. This has to be considered for modelling. The crystallinity of all
samples decreases from approximately 55 % at room temperature to
approximately 40 % at 120 °C, Fig. 20 (a). In the temperature range from 20 °C
to 100 °C the samples having the higher draw ratio (3.4) show slightly higher
crystallinities than the samples having the lower draw ratio (2) which can be
explained by a higher molecular orientation due to higher draw ratio.

To introduce the temperature dependent crystallinity to Eqg. (13), (14) and (15),
the crystallinity curves were fitted using the function with the initial crystallinity
Xer0, the fitting parameters k and n, the pole temperature Tpole.

Xer(T) = Xcr,O 1_#” (19)
o
1-
Tpole

Fig. 20 (b) shows that Eq. (19) fits nicely the measured data.
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Fig. 20 (a) Temperature dependent crystallinities as a function of temperature for the
EBM-samples, (b) fitted partial melting, (c) resulting fit parameters

for modeling of CTE

The insertion of the fitting parameters in the equations of the anisotropic ultimate
CTE (Eq. (13), (14), and (15)) shows that the thermal expansions of sample A
(2/5) lie between the ultimate thermal expansions in x-, y-, and z-direction, Fig.

21.
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Fig. 21 Comparison of the 3 ultimate thermal expansions to the measured ones of sample

A (2/5)
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The ultimate thermal expansion described in the x-y-z-coordinate system of the
EV does not coincide with the 1-2-3-coordinate system of the sample.
Furthermore, there is an orientation distribution of EV within any part, Fig. 22.

Y2
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\". W

[

<

1

Fig. 22 Different orientation of elementary element volume cell (EV) with a part
having the 1-2-3-coordinate system

This requires that the local orientations of the EV have to be taken into account in
terms of mean orientation. The procedure is analogous to Tucker’s method of
describing fiber orientation distributions of plastic parts with 2"* order orientation
tensors (aik) [83]. Thus, for each fiber (spatial orientation of fiber axis) or EV
(orientation of z-axis of EV) an orientation vector can be defined, Fig. 23, to
quantify its spatial orientation with respect to the 1-2-3-coordinate system of the
part, Eq. (20).

orientation vector

sin0® cos¢p
a= (sin@ sinqb) (20)

cos0

Fig. 23 Demonstration of fiber orientation (or EV orientation) in term of angles #and ¢
with definition of the orientation vector

This approach allows for weighing the contributions of the ultimate CTE (x-y-z-
coordinate system) to calculate the three CTE with respect to the 1-2-3-coordinate
system of the part.
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al (T ) alx aly alz ax (T)
a,(T) =3, a, a,]| al(l) (21)
a,(T) a,(T)

where the orientation tensor is given by

a a

3x 3y 3z

QD

sin*@cos*¢  sin®@singcos¢g sin 6 cosdcos g
(a, )=|sin*@singcosg  sin*Gsin*¢  sin@cosPsin ¢ (22)
sin@cosdcosg sindcosdcosg cos” &

Evaluating the thermal expansion behavior shows 20 to 50 % higher CTE
perpendicular to MD than along MD, Table 8. This means that the blowing leads
to a more pronounced molecular and crystalline orientation whereas the mold
temperature has a rather minor effect. Interestingly, it was found that the CTE in
the temperature range of 30°C to 60°C exceed the CTE in the temperature range
of 70°C to 100°C by 30 to 40 %.

Table 8 Effects of EBM processing parameter on Coefficients of Thermal Expansions
CTE along and perpendicular to MD

Coefficients of Thermal Expansion in (10-5*K™1)

oy 0L Rati o Ot atio
Sample - - -
e (30-60)°c (30 go) ao O (1:00) (70 (1:00) o/ ay

A (2/5) 135+19 162+12 1.20 100+7 145+25 1.45
B (3.4/5)  112+13 162+14 1.45 79%9 132+9 1.67
C (2/50) 137+4 167+6 1.22 94+29 118+28 1.26

D

(3.4/50) 98+10 132+19 1.48 120+6 177+20 1.54

Comparison of the calculated thermal expansion shows good agreement with
measured data in the temperature range of 20 °C to 70 °C, Fig. 24.
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Fig. 24 Fitting curve of the measured sample A (2/5) parallel to MD

Determining of the mean orientation angles in the corresponding temperature
ranges show that mainly the angle &is decreased by approximately 10° (except
for sample D) indicating some structural and orientational changes, Table 9.
Furthermore, the angle ¢is found to be between 50° and 60° for both draw ratios
and both mold temperatures showing that the contributions to thermal expansion
are rather independent of orientations of the EV with respect to x- and y-

direction.

Table 9 Effects of EBM processing parameter on orientation angles 8and ¢

Sample Orlaerr:;?glon Orientation angle in temperature range of fit
(~20-100) °C  (~20-70) °C  (70-100) °C

A(2/5) % 34.2 33.0 24.3

¢ 51.0 50.1 55.9
B(3.4/5) 0 32.2 34.7 22.8

¢ 56.7 56.3 58.8
C(2/50) % 31.8 32.6 21.0

¢ 50.4 50.4 50.9
D(3.4/50) % 31.7 31.2 33.5

¢ 54.7 53.1 56.6
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5 CONCLUSION

In this PhD thesis the process-structure-property relationship of extrusion blow
molded high-density polyethylene products was investigated, and a model was
developed that allows for taking into account the effects of the processing
parameters (mold temperature and draw ratio) on thermal expansion behavior.
The model is based on the lamellar structure of semi-crystalline polymers, and
provides anisotropic ultimate coefficients of thermal expansion (CTE), in which
the effects of processing parameters are accounted via crystallinity.

Statistical evaluation of dynamic mechanical analysis data showed that the
influence of the variables such as flow direction, draw ratio, and mold temperature
on storage moduli were statistically significant and process-dependent for specific
temperature ranges. Statistically insignificant data indicates process-independent
behavior, e.g. where the storage moduli were not influenced by the processing
variables, were explained by relaxation processes during sample storage and at
elevated measuring temperatures. The influence of the mold temperature was
unaffected by these relaxation processes. Furthermore, the draw ratio and the
mold temperature influenced the crystallinity of EBM products significantly:
higher mold temperature and higher draw ratio caused higher crystallinities due
to flow-induced orientation.

A new microindentation system to determine local viscoelastic material properties
was successfully developed and implemented in a conventional DMA instrument.
The measured complex moduli of four polymers are in accordance with bulk
values and literature values. The comparison of annealed and unannealed samples
showed that processing leads to large variations of local moduli, which is reflected
in the larger standard deviations of unannealed samples. The adaption of a
specially designed x-y-stage enabled spatial stiffness profiling. Thus, using the
DMA microindentation along the cross-sectional thickness of EMB parts revealed
that different processing parameters lead to different stiffness profiles.
Furthermore, it could be shown that the measured complex moduli and
crystallinities are lower near to the mold side compared to inner side and middle
of the samples.

The orientation factors calculated from pole figures measured by wide angle X-

ray revealed a low level of biaxiality with a slight tendency towards transverse

direction for the polymer chain c-axis. The biaxiality increased for low mold

temperature and high draw ratio. Biaxial orientation was confirmed by

transmission electron micrographs showing no preferential lamellae orientation.
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6 CONTRIBUTION TO SCIENCE AND PRACTICE

Extrusion blow molded (EBM) hollow plastic parts are indispensable in our daily
life. As still over-dimensioned, their processing causes a higher material and
energy consumptions. Due to future oil shortages and ecological reasons, the
weight of EBM parts is to be reduced to the absolute minimum in order to access
the potential materials, energy and costs savings. To reach this goal, the current
EBM simulations have to be improved and optimized in terms of processing
effects on the complex thermomechanical behavior and final deformation
behavior of the parts. This requires the knowledge of the processing-structure-
property relationship. A better understanding of the EBM process will then lead
to optimum performing EBM parts.

This PhD thesis focused on the question how bulk and local processing-structure-
property relationship of high-density polyethylene EBM parts are related to each
other. A comprehensive study of the influence of the processing parameters - mold
temperature and draw ratio - on structural and thermo-mechanical properties was
performed. To interpret the results a model is presented to calculate the
anisotropic coefficients of thermal expansion (CTE) as a function of crystallinity
as a first step for predicting shrinkage and warpage. The following topics of this
PhD thesis are considered as the most important contributions to both science and
practice:

1) The results of the investigation of the bulk and local process-structure-
property relationship of EBM high-density polyethylene products provide
a better insight to the EBM process itself. Draw ratio and mold temperature
influence the properties of EBM parts with respect to the flow direction
significantly. Further, it was shown that their effects are reduced due to
relaxation processes during storage time, and elevated temperatures during
application. The cross-sectional property change goes along with
crystallinity, which reflects the temperature gradient during cooling. Thus,
measuring the cross-sectional stiffness profile provides both information
about processing conditions and the mechanical performance of the part.

2) The effects of the investigated processing parameters can now be
implemented in EBM simulation software to improve predictions of the
thermo-mechanical behavior of EBM parts. This makes EBM production
more sustainable.
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3) The merging of microindentation and dynamic mechanical analysis allows
for the determination of spatially resolved local surface properties and bulk
properties using only one instrument.

4) The model to determine anisotropic thermal expansion and corresponding
CTE introduce structural changes taking place within the material, thus
leading to a better understanding of the performance of parts during
application. Furthermore, this can be used to adjust processing conditions
to optimize the performance of the EBM part.
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