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Abstract

The primary objectives of this thesis were to inigge and compare the fracture and creep
behaviour of micro- and nanocomposites based oyetiollene (PE) produced by melt mixing. To
achieve these objectives, different fillers werasidered: micrometric copper particles, nanometric
carbon blacks (CBs) and multiwalled carbon nanaydMBNVCNTS).

In the first part of this dissertation, the fraeturehaviour of PE-CB composites was investigated
via theEssential Work of Fractur€EWF) approach by producing composites with ddferCBs in
order to investigate the effect of the filler peldi size. Moreover, several processing (i.e.,
extrusion) parameters were varied to obtain differdegrees of filler dispersion. Experimental
results reveal that fracture toughness increagesfisantly when CB particle size is smaller and as
the extent ofdispersionof the filler in the polymer matrix is better. Etare toughness depends on
the thermo-mechanical degradation of the polymdrirtinat occurs during extrusion.

In the second part of this project, creep behavimuPE-based composites was investigated at
several temperatures with assistance from gheciple of time-temperature superpositionin
particular, the effect of filler dimensions was Bmad by comparing viscoelastic results for
composites that contain micrometric copper padig¢ieith an average diameter of 15 andpb)

and nanometric carbon blacks (with an average demoé 15 and 30 nm). In general, these fillers
substantially increase the creep resistance ofdpH, this phenomenon was more prominent at
smaller particle size. This effect was detectabléhe linear viscoelastic region (i.e. at low stess

or temperatures), and it became more evident innthelinear viscoelastic region (i.e. at high
stresses or temperatures). In particular, creeptiante and creep rate decrease at smaller particle
size. It is postulated that filler particles fumeti as physical crosslink junctions which hinder
polymer chain motion and reduce creep deformaiidinen particle size is reduced at constant filler
volume fraction, the physical crosslink density reases such that chain mobility decreases
significantly under stress.

Finally, the creep behaviour of PE-MWCNT compositese investigated via direct dispersion of
MWCNT in the polymer matrix and by using a commakrcnasterbatch of MWCNT. In all cases,

the increase in creep resistance is statisticajlyificant in the linear viscoelastic region (iat.low
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stresses or temperatures) when sufficient disperefothe nanotubes is achieved. Interestingly
enough, creep resistance increases in the non-liseoelastic region (i.e. at high stresses or
temperatures) regardless of tthegree of nanotube dispersionthe matrix. This phenomenon is

attributed to nanotube orientation induced by Heytels of stress.
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1 Introduction

Polymer composite materials hold a very importaosgifoon in the world of plastic materials: the
addition of an inorganic fillers allows to adjustet physical, mechanical, thermal and electrical
properties of polymeric matrices in relation to #pplication. From a general point of view they are
employed in several fields such as automotive, oadaerospace, sports and recreation, renewable
energies, and so on. In recent years the filletiggardimensions progressively decreased from
micrometric to nanometric range and for this reasiwe ternnanocompositekas been introduced
[1-5]. The main thrust of this route is relatedth® possibility to improve the properties of the
materials with lower filler content (in the ordef 8.5 to 5 wt%) and to the possibility have
materials with new properties not reachable witditional micrometric fillers (as for example
transparency and smoothness). Both industrial aadeamic world look with great interest to the
development of new nanocomposite materials: in taxtording to the ISI Web of Science database
[6], about 10000 papers published in scientificrp@l in the period 1990-2008 contain the
keywords “nanocomposite*” and “polymer*”, where tasterisk is a wild character. A considerable
amount of work in order to improve products and afaaturing processes for a wide range of

applications.

The aim of this work was mainly to investigate acmmpare the properties of micro- and
nanocomposites based on polyethylene matrix thiategiresents one of the most used and versatile
polymers [7]. In particular, to achieve these psgg® different kinds of composites were
considered:
* microcomposites with micrometric inorganic fillers with a low aspect ratio.
In this case the composites were based on highitdepslyethylene (HDPE) and low
density polyethylene (LDPE) matrices filled with arametric copper (Cu) and iron (Fe)
particles. In both cases two different dimensioh€o and Fe powders were considered: a
powder with a nominal characteristic dimension @fun or less (but always in micrometer

range) and a powder with a nominal characterisiticedsion of 50um or more. These
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composites were produced by melt mixing in a twérew extruder and then injection or
compression moulding (see chapter 4);

nanocomposites with nanometric inorganic fillers with a low aspect ratio.

In this case the composites were based on HDPExnidigd with several carbon blacks
(CBs) having different specific surface areas, pemary particle dimensions. These
composites were produced by melt mixing in a twarew extruder: the produced materials
were grounded and extruded several times in oodachieve different degrees of dispersion
of the filler in the matrix (see chapter 5);

nanocomposites with nanometric inorganic fillers with an high aspect ratio.

In this case the composites were filled with mudtiied carbon nanotubes (MWCNTS). In a
first part of the work, MWCNTs were dispersed ie tHDPE matrix through a commercial
masterbatch and the effect of the addition of aeatald polyethylene (MA-g-PE) was
evaluated. These composites were produced by nealignin an internal mixer (see chapter
6). In a second part of the work, the MWCNTs weredly dispersed in the polymeric
matrix. In this case HDPE and polyvinyl alcohol (PM) were used as polymeric matrices
by using melt mixing (i.e. a twin screw extrudedam internal mixer) and solution mixing

with the help of sonication (see chapter 7).

These materials were mainly characterized in teshsreep behaviour and fracture behaviour. In

particular the creep behaviour was analyzed bec#usditerature offers limited data on the

comparison between micro- and nanocomposites @agm@ph 2.3.2). In more detail:

HDPE-CB composites were used to analymeeffect of filledispersion anddimension (in

the nanometric range) on thigacture behaviour In particular the Essential Work of
Fracture (EWF) approach was considered becauseniisod is particularly indicated for a
fracture mechanics approach on materials with Higttility as HDPE (see paragraph 2.2);
HDPE-Cu and HDPE-CB composites were used to an#fyzeffect of the filledimension
(from micrometric to nanometric range) on theeep behaviour In particular the creep
behaviour was investigated with short term tests. @ne hour for each test) by varying
temperatures and applied stresses in order to a&eathe creep behaviour in the linear and
in the non-linear viscoelastic region. Moreoverey compliance master curves (i.e. the
extrapolation of the creep behaviour on very Ildnges) was elaborated (see paragraph 2.1).
Even if marginally, HDPE-CB composites were alseduso evaluate the effect of filler
dispersion on the creep behaviour;

HDPE-CB and HDPE-MWCNT composites were used toyamdhe effect of the filler

aspect ratio on thecreep behaviouras in previous case. In particular HDPE-MWCNT

2
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composites based on a commercial masterbatch of MWW@ere considered, and limited
data were collected for HDPE-MWCNT composites bas®WCNTSs directly dispersed in

the polymeric matrix. It is worthwhile to observe this part could be very interesting
because the rather limited literature availableMWCNT filled composites (see paragraph
2.3.2).

In addition, several tools were used in order toatate the fracture and creep behaviour to the

microstructure of the produced. Most of all optieald electron microscopy to evaluate the filler

dispersion; thermogravimetric and calorimetric geat to evaluate the thermal behaviour;

rotational rheometry to evaluate the rheologicataweour; and chromatography to evaluate the

molecular weight distribution.

Even if the main part of this work is focused oonamparison of fracture and creep behaviour of

micro- and nanocomposites, a certain amount of wegarded the production MWCNT filled

compositesharacterized by a good dispersion of the filkee(chapter 7). In particular:

untreated MWCNTSs (as purchased by the supplierevdarectly dispersed in HDPE by
using a twin screw extruder and an internal mixgh wifferent setups in order to evaluate
the effect of different processing conditions oe fitler dispersion;

the untreated MWCNTSs (as purchased by the suppherg directly dispersed in PVOH
agueous solution with the help of sonication ineortb evaluate the advantages of solution

mixing techniques in comparison to melt mixing teicjues.

In this case the tools used to characterize thelymed materials were concentrated to the

evaluation of the filler dispersion and only fewpexrments were performed to evaluate the creep

behaviour of these materials.

In addition modification treatments were attemptadhe untreated MWCNTSs (as purchased by the

supplier) in order to improve the quality of the MDNTs and the interaction with the polymeric

matrix. In particular, MWCNTs were boiled in nitracid to remove the impurities (as nanofiber,

amorphous carbon and residual catalysts) and todate new chemical groups on the MWCNT

surface. Moreover, a modification treatment witlarse coupling agents was conducted in order to

introduce short polymeric chains compatible wittypthylene on the MWCNT surface.







2 Background

2.1 Viscoelastic behaviour

The distinction between solid (or elastic) and ikggor viscous) is not an absolute distinction
between different classes of materials: the abibtyletect elastic or viscous responses depends in
many cases on the time scale of the experimenthisnway, from a strict point of view, all the
materials have a viscoelastic behaviour, i.e. ttegrsdo not depends only on the applied streds, bu
on the previous history of the material. Polymeesthe most important viscoelastic systems [8-12].
The viscoelastic behaviour is investigated withesamethod: in this work creep experiments and

dynamical experiments were adopted.

2.1.1 Creep loading condition

In a creep experiment a constant str@sss applied to a sample and the strains monitored as a

function of timet. Normally the strain increases with time and creggves (i.e. strain as function
of time) may exhibit three regions (Figure 2 Agimary creep in which the curve in concave down,
secondarycreep in which deformation is proportional to timand tertiary creep in which
deformation accelerates until creep rupture occirsilarly the strain rate , i.e. the derivative of
the strain, may exhibit three regions.

The material has linearly viscoelastic behaviour if the stress is proposdidn the strain at a given
time: in this case it is also possible to apply lihear superposition principle. However, linearity
does not hold at high strains: creep isochronegalmas, i.e. curves of stress as a function ofrstrai
at a given time, may evidence the transition fromedr to nonlinear behaviour in creep experiments
(Figure 2.2).

The creepcompliancefunction is the ratio of the strain to the strassl is generally a function of
time. In linearly viscoelastic materials, the cregmpliance is independent of the stress level.
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Equation 2.1
Dlt)=—+=
(t) g,

Moreover, a compliance ra@ can be defined as the derivative of the compliaes the time.

Total strain at any instant of time(t) in a creep test of a linear materials may be ssred as the
sum of the instantaneous elastic strain(i.e. the initial strain when the constant striesapplied)
and the viscoelastic straig, . Similarly the compliance can be divided into &tasnd viscous

components.

>
>

>

tertiary creep
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stress

secondary
creep strain

J primary

creep strain

\:reep strain rate J

- ’ - ’
time time

creep strain, creep strain rate

~_secondary creep
primary creep .

Figure 2.1. Creep strain and strain rate as a funébn of time at different applied stresses.

non-linear region

stress

linear region\\\

strain

Figure 2.2. Isochronous stress-strain curves in cep experiments.
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2.1.1.1 Linear superposition principle

As seen in the previous paragraph, linear viscteigsimplies alinear superposition principle
These systems may be modelled as arrangementdardsfi.e. an elastic solid) and dashpots (i.e. a
viscous liquid). The spring represents Hookean miedtion (i.e. an element in which the force is
proportional to the extension) and the dashpot Neiah flow (i.e. an element in which the force is
proportional to the strain rate). The behaviournodre complicated materials is described by
connecting the basic elements in series or in lghréth other words, stress, strain and time can be
related with the characteristic constant of themeal elements. The overall systame¢hanical
mode) behaves analogously to a real material, althainghelements themselves may have no
direct analogues in the actual material.

The basic configurations are the Kelvin (or Voigtpdel and the Maxwell model (Figure 2.3). The
first one results from a parallel combination of@ing and a dashpot, while the second one is
represented by a spring connected in series withsapot. In both system a characteristic time

that is the ratio of the viscosity (dashpot) to the elastic modulls (spring), describes the

viscoelastic behaviour of the material. This par@més calledretardation timefor the Kelvin

model, whilerelaxation timefor the Maxwell model.

N

Mk EK

-

(@) (b)

Figure 2.3. The simplest linear viscoelastic model&) the Kelvin model and (b) the Maxwell model.

More complicated and complex models could be intced, but all the models can be reduced to
two canonical forms. These are usually taken tdheegeneralized Voigt-Kelvin model and the
generalized Maxwell-Wiechert model (Figure 2.4)eTdeneralized Maxwell-Wiechert model may
have a finite number or an enumerable infinity obxX\Well elements, each with a different
relaxation time, and similarly the generalized \tdiglvin model may have a finite number or an

enumerable infinity of Kelvin elements. Thus, bywatable choice of the model parameters, the
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canonical forms themselves can be shown to be meawily equivalent and it is also possible to

compute the parameters of one canonical form fioysd of the other.

Ei Ei-i-’l Ei+2
o —— H b >

n; MNi+ Ni+s (@)
N; E My E;. MNi+2 Ei

(b)

Figure 2.4. The generalized Maxwell-Wiechert moddla) and the generalized Kelvin model (b).

In this way, by taking into account the generalireodels, an enumerable infinity or a continuous
distribution of retardation or relaxation timesoistained. In particular the strain as a function of
time with the generalized Kelvin model for a systenith n pairs of elements has the following

expression:

Equation 2.2

£(t) = zé [ fi-exd-(-t)r o)t

wheres, andrz;, are the viscosity and the retardation times of.theKelvin element. The extension
to a continuous distribution of relaxation time®mployed by introducing thdistribution function
of retardation times(or retardation spectruin N'({/z): in detail N'(}/7)dr represents the

contributions to the total modulus of all the Kaehalements with relaxation times lying between

andr +dr . The strain equation becomes:
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Equation 2.3

0= | [ - oo ot

T

Alternatively the retardation spectrum functit{r) = N'(/7)/r can be used.

The approximate value di(r) can be derived from the creep compliance funcﬁl(n) by means

of the relationship:

Equation 2.4
log Dit
L(r) 0p(t)2109 (t)
dlogt |_
-7 T T T T
-O- 1006°C
I_D
a -8 =
~
E
_
o 9 .
o
1
-10 + =
-1 1 | 1 1
-8 -6 -4 -2 0 2

Log T/sec

Figure 2.5. Example of retardation spectrum for poystyrene with a narrow molecular weight distribution [13].
The weight average molecular weight is 3.4 kDa.

2.1.1.2 Time-temperature superposition principle

The viscoelastic functions, i.e. the creep compkaas a function of the time, depend on the
temperature too. Theoretical and experimental resudlicate that for many materials the effect due
to time and temperature in the linearly viscoetagtgion can be combined into a single parameter

trough the concept of titeéne-temperature superposition principdich implies that the following
relations exist:
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Equation 2.5
D(T,t)=D(T,.t')

t"=t/a, (T)

whereT is the temperature arnd thereduced timeThe reduced time is related to the real time

by the temperaturshift factor a, (T) andT, is the reference temperature. In this way thecefé

temperature on time-dependent mechanical behaisaguivalent to a stretching (or shrinking) of
real time for temperatures above (or below) thesrexfce temperature; or alternatively, since
viscoelastic properties are usually plotted asrection of the logarithm of time or frequency, a
temperature change corresponds to a rigid horiz@hié of the material property curves on the
abscissa. In other words, high-temperature respenaealogous to low-strain-rate behaviour, and
low-temperature response corresponds to high-staéénbehaviour. Thus, the determination of the

temperature shift factoa, (T) as a function of temperature will provide the resesy information

for determination of the reduced time.

12 4t o ol vl vl el sl ol 3ol s

1 ref. temperature = 30°C

83°C [ 104

compliance [GPa™]

45°C [

compliance [GPa]
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10’ 107 10° 10" 10 10° 10° 107 10° 10"
time [s7] (a) reduced time [s] (b)

Figure 2.6. Example of master curve (b) from shorterm creep tests at different temperature (a). Thelata refers
to an HDPEOQO9 extruded 1x (see chapter 5).

Many materials exhibit temperature-creep behavithat follows the Arrhenius relation for
temperature lower than the glass temperature amdetation proposed by Williams, Landel and
Ferry (WLF equation) for higher temperatures.

Equation 2.6

Ina, (T):%(%—Tij (Arrhenius equation)
0

10
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Equation 2.7
Cl(T _To)

—4 9 (WLF equation
C,+ (T _To) ( | :

logay, (T)=-

In these expressionAH is an activation energyR the ideal gas constant, ai@] and C, are
empirical constants that depend on the materiapeBmentally, for many linear amorphous
polymers, if the reference temperature is the diassition temperature, the values of the constant
in the WLF equation are independent of chemicalcstire C, =1744 and C, =51.6). Moreover
the product ofC, andC, (for any reference temperature) is almost alw#®ako

The curves constructed on the basis of a time-testyre superposition principle are generally

denoted ashaster curves
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Figure 2.7. Example of shift factor as a function aemperature.

2.1.2 Dynamic loading condition

In dynamical experiment a sinusoidal straift), with an amplitudes, and a frequency., is
imposed on a sample: the output stre:{B), that follows a sinusoidal function with an amgpdie
o, and a phase shii, is monitored. These data can be analyzed invialig terms:

« the storage modulust'(w)=(o,/¢,)codd), that is related to output stress components in

phase with the applied strain;

11
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* the loss modulusE"(a))=(ao/go)sin(d), that is related to output stress components but o
phase with the applied strain;
« the loss factottan(d) = E"(w)/E'(w).
In a dynamical experimentg', E" and tar‘(J) are measured as a function of the frequency and

follow typically the behaviour depicted in Figure32
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Figure 2.8. Examples ofE', E" and tan(J) as a function of frequency.E', E" and tan(J) was calculated by

using the one-time-constant Maxwell model withk; = 0.2 GPg K, = 0.1 GPaand 7= 1 GPa&,

2.1.2.1 Linear superposition principle
If the linear viscoelasticity holds, it is possiliteapply the linear superposition principle astfoe

creep behaviour. Similarly distribution function of relaxation timggr relaxation spectruinH (r)

is defined in relation to viscoelastic function:

Equation 2.8

' +oo 602
E (C()) = .[0 H (T)ﬁdr

Equation 2.9

E"(w)= .er (r)ﬁdr

—00

12
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The approximate value dfi (r) can be derived from the storage modulus funciita) by means

of the following relationship:

Equation 2.10

(. \dlogE'(w)
H(r)OE (a))ioI ogw |

w

2.1.2.2 Time-temperature superposition principle

As for the creep experiments, it is also possildeapply the time-temperature superposition
principle for the dynamical experiments. In thisedhe frequency is used instead of the time and
the master curve is a function of tleeluced frequencw .

In practice the experiments are carried out aim#éid number of frequencies (4 to 6) by scanning
temperature. These data are used to build up drgpeci.e. the modulus as a function of the
frequency at different temperatures, and thenithe-temperature superposition principle is applied
to obtain the master curve and the shift facta asiction of the temperature.

2.2 Essential Work of Fracture (EWF)

The essential work of fracture (EWF) method [4, 2B}-is an appropriate approach to
experimentally characterize the ductile fracturg@olymers and composites. According to Broberg

[17] and Cotterel [18], the total work of fractuv¥, can be divided into two parts: tlessential
work of fractureW,, that is the work dissipated in the process zdosecto the crack tip, and the
non-essential work of fractur/,, that is the work responsible for the plastic defation outside

the fracture-process zone (Figure 2.10). The tetek of fracture may therefore be written as:

Equation 2.11
W, =W, +W,

The principle of the technique is to measure tlaglldisplacement trace and hence the energy to
fracture for a series of notched specimens, enguhat plasticity in the ligament (fracture region)
is fully developed. Under plane stress conditidinis, possible to partition the work of fracturéan

an element taking place along the fracture line andther element taking place in a volume of

material surrounding the crack. The former elememgroportional to the fracture area and hence

13
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the ligament lengthL, while the latter element is proportional to tr@wne of the outer region.
For both metals and plastics, it has been obsehatdhe volume of the outer region is proportional

to the square of the ligament length. Thus theipeatal work of fracturew, may be written as:

Equation 2.12
- Wf -
W, —E—We+,[>’ENpEI]_
where B is the specimen thicknesg, is a shape factor for the outer plastic zone, witiepends
upon the geometry of the specimen and the crackwarand w, are the specific essential and non-

essential work of fracture, respectively. The patnw, is regarded as a material property

guantifying the fracture toughness.
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Figure 2.9. Example of the construnction of the maer curve of E': E' as a function of temperature at

different frequency (a), the spectrum of E' (b) and finally the master curve (c). The data redrs to an HDPEO9

extruded 1x (see chapter 5).
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2.2.1 Procedure for the EWF assessment

The parametersy, and w, can be evaluated by testing a series of speciutiffiesing in ligament
length, and by linearly interpolating a number aperimental data ofw, plotted against the

ligament lengthL (Figure 2.12).

Specimen geometry such as the double edge notenstn (DENT) is commonly used for this
purpose (Figure 2.10). A rectangular specimen aftwW and lengthH is cut from the test
material. In order to prevent the plastic zone peiisturbed by edge effects and to ensure complete
yielding of the ligament region before the crackrist to propagate, the maximum ligament length
L used should be less than one third of the speciméin W or less than the plastic zone size,
whichever is the lower [23]. On the other hand, ldregth H includes the gauge length and the
amount of material used in gripping the specimenweler, the choice oh is normally not
critical. Moreover the ligament length must be greater than three to five times the spati
thicknessBto generate a state of pure plane-stress [21,R2Rihermore, for each specimen, two
sharp edge notches, directly opposite one anasheyld be made. Several commonly techniques
used are razor pushing, razor sliding and razquingp

The fracture tests are conducted in tensile modBENT specimens that have the ligament lengths
spanning the range of all allowable ligament leadts explained above). In particular a minimum
of 25 specimens is typically suggested [14].

Bl inner fracture
process zone

@ H [ ] outer plastic
deformation zone

B2 gripping zone

Figure 2.10. DENT specimen geometry: in evidenceeicrack tip deformation zones.
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Figure 2.11. A typical load-displacement curve foDENT specimens.
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Figure 2.12. Schematic diagram of specific total wh of fracture against ligament length.

In addition, by plotting the maximal net-sectiomess o,,,, defined as the ratio between the

maximum load and the net-sectituB , versus the ligament length for each group of ispecs, the
data obtained can be checked with Hill’s criterjd8] to verify that the tests were performed under

plane-stress conditions. If the stress criteriogaissfied, the net-section stress is abblbo, .

2.2.2 Partitioning of the work of fracture

In order to investigate the energy contributiordifferent fracture stages, a partition between the
specific work of fracture for yielding and for néie§ and subsequent fracture [4, 15, 16, 20] can be
introduced by considering the peak of the loadHdgment curves as the cut-off point (Figure
2.12).

As the composed terms are under plane stress,iBgu@all and Equation 2.12 can be rewritten as:

Equation 2.13

W, =W, + W,

16
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Equation 2.14
w, =w, + S v, [

Equation 2.15
Wn = Wn,e +18" ENn,p DL

wherew, . andw, , are the yielding and the necking and subsequaatiire related components of

the specific essential work of fracture, respetyives’' (W, ;and 5" [W, , are the yielding and the

necking and subsequent fracture components of peeifc non-essential work of fracture,
respectively.

2.3 Micro- and nanocomposites
In the recent years, scientific and technologi@italopments brought about two different types of
polymer composites, distinguished by the charastiersize of the inorganic filler particles:

» traditional composites or micro-composites thattamnmicrometer-scale fillers [24, 25];

* nanocompositeghat contain nanometer-scale fillers, i.e. filletlsat have at least a
characteristic size under 100 nm [1-3, 5, 26-29].

The nanofillers are divided in three categorieatiog to the shape (Figure 2.13):

* one dimensional fillers (1-D), i.e. plate-like m@&s such as all the types of layered
silicates and graphite nanoplates;

» two dimensional fillers (2-D), i.e. nanotubes onafbers such as carbon nanotubes, carbon
nanofibers, boron/nitrogen nanotubes, nanotubesenwdddichalcogenides (MeSWS,,
etc.), nanotubes of several oxides@Qy, MoO;s, etc.) and organic nanotubes.

» three dimensional fillers (3-D), i.e. particulatkeetspherical materials such as metal oxides
(ZnO, ALO;, CaCQ, TiO,, etc.), fumed silica (Si§), silicon carbide (SiC), polyhedral
oligomeric silsesquioxanes (POSS) and carbon W@}

l

<100 nm . <100 nm

—
~1 nm /& T

(a) (b) (€)
Figure 2.13. Examples of nanofillers: plate-like meerials (a), nanotubes (b) and equi-axed nanofiller(c).
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Research and development of nanocomposites gieatBased in recent years for several reasons.
Most of all, unprecedented combinations of properthave been observed in some polymer
nanocomposites. For example mechanical propertisbieed improvement at filler volume
fractions lower than those of the correspondingoacomposites and without loss of ductility. This
is because small particles do not create largesstconcentrations an they introduce new
mechanisms for deformation energy adsorption [3[, Blanocomposites are also capable of
achieving optical clarity of the materials becawsey small nanoparticles do not scatter light
significantly.

The unique properties of the nanocomposites aralynaelated to the small size of the filler
particles and to the particular properties of tlmtiples themselves. Moreover controlling the
degree of interaction between the filler and thigmer, i.e. the interphase and her properties,ccoul
permit the control of the composite properties beeathe polymer chains have a different
behaviour than the bulk matrix (e.g. degrees ofifitpbcross-linking or crystallinity). In the case
of the nanocomposites the extent of the interplpabéh typically has a thickness between 2 and
50 nm) is more crucial than in traditional micronettomposites because the small size of the
particles themselves results in exceptionally lafiier-polymer interfacial area. Thus this fact
implies that the polymer matrix behaviour can leradd at much smaller loadings.

One key factor to obtain all these advantages ipraper dispersion, i.e. the level of the
agglomeration of the filler particles, and a homumes distribution of the filler nanoparticles
throughout all the sample. Figure 2.14 shows exampf the different dispersion and distribution
conditions that could be produced. Therefore thecgssing becomes very important and several
techniques were employed such as traditional midingn with twin screw extruder and injection
moulding, solution mixing assisted with the aids sbnication and surfactants, in-situ
polymerization. In addition, the dispersion canrproved with modification treatment of the filler
surface in order to hinder agglomeration phenomeraeover these treatment can be employed to

improve the filler-polymer interaction.

2.3.1 Nanoscale fillers

2.3.1.1 Carbon black

The carbon black (CB) [32, 33] is a particular fooincarbon produced by incomplete combustion
or thermal decomposition of gaseous or liquid hgdrbons under controlled conditions. The
carbon atoms are arranged in blocks of graphererdayith reduced dimensions and then these

basic units are organized with a turbostratic $tmecto form spherical particles with diameter from
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10 to 100 nm (Figure 2.15). The graphene layersang similar to the graphitic structure: most of
the carbon atoms in carbon black aré&Isybridized to form benzene rings as for grapis, the
ordered structure is maintained only over shorgtles (3-4 layers).

(©)
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Figure 2.14. A schematic illustration of (a) good idtribution but poor dispersion, (b) poor distribution and poor

dispersion, (c) poor distribution but good dispersin and (d) good distribution and good dispersion.

(a) (b)
Figure 2.15. (a) Model showing cutaway view of sifhg carbon black particle [34] and (b) high resolutbon TEM
micrograph of the structure of CB primary particles [35].

During the production process thgmary particlesfuses intoaggregatesMoreoveragglomerates
can grow because the small distances between tregajes and the strong van der Waals forces
present. While an aggregate is indivisible, thel@gegrate could be destroyed during the typical
processing of the polymer (Figure 2.16). A CB chteazed by primary aggregates composed of
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many prime particles, with considerable branching ahaining, is referred to as a high-structure
black. If the primary aggregates consist of rekd{ifew prime particles, the CB is referred to as a
low-structure black. Moreover from a general pahtiew the primary particle diameter and the

structure complexity are not directly related (Fe@.17).

10to 100 nm 50 to 500 nm >1um
< > «

primary particle aggregate agglomerate

+—>

Figure 2.16. CB primary particles fused together tdorm aggregates and then agglomerates.
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Figure 2.17. Scheme of the different CB conformatias in relation to particle size and structure.
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The particle size is typically determined by trarssion electron microscope (TEM) measurements
(see ASTM D-3849). Alternatively the specific sudaarea (SSA) could be measured by nitrogen
adsorption measurements using the Brunauer-Emnilet- pgocedure (ASTM D 6556) or by the
iodine number test (ASTM D 1510): small particle#i eonfer a large surface area per unit weight.
SSA measured with the BET method typically variesMeen 25 and 1500%yg. Furthermore the

following expression holds in the case of sphenpzaticles with low porosity:

Equation 2.16
6000
dBET o
Seer LP
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where dg.; is the average primary particle diameter nir, S;.; the specific surface area

determined by BET methodir?/g and p the density ing/cn? .

On the other side CB structure is evaluated byddorption number (OAN), which represents the
amount of oil (normally dibutyl phthalate, DBP) thaan be absorbed by CB to reach a critical
viscosity (ASTM D 2414). A higher value of OAN imdites a higher structure. OAN measured
with DBP typically varies between 0.05 and 5*%gn

Moreover, CBs have to be evaluated by taking t@aatother factors such as the porosity, that in
certain case can reach 30%, and the chemical grampghe surface introduced by the

manufacturing process such as phenolic, quinoliccamboxyl chemisorbed complexes.

2.3.1.2 Carbon nanotubes

Since the discovery of carbon nanotubes (CNTsPBiLlby lijima [36], CNTs have been looked at
with great interest in the field of the polymer quusites because their unique physical, mechanical,
electrical, thermal and optical properties [1, 37-4

A carbon nanotube is a hexagonal network of cardkmms rolled up into a seamless, hollow
cylinder, with each end capped with half of a ftdlee molecule (Figure 2.18). There are two main
kinds of nanotube. Single-walled nanotubes (SWCNArg) individual cylinders of 1-2 nm in
diameter, which are actually a single molecule, amdti-walled nanotubes (MWCNTS) are a
collection of several concentric graphene cylindéte diameter, the chirality, and the form of the
nanotube determine its properties.

The mechanical properties of various types of named have been extensively studied both by
experimental and computational means. From a gepeiat of view their modulus can be higher
than 1 TPa and their tensile strength can reachGa®® with strain at break up to 40%. Moreover
they can have the same electrical and thermal ativity of the graphite (in-plane), i.e. 3000V
'K and 510° Q@©@m, and very low density, i.e. 1.3 gfnNevertheless, these properties are
achieved only in the case of individual SWCNT: tmedulus of a ropes containing bundled
SWCNT considerably decreases as the rope dianmeteaises because of the slippage occurring
between the individual nanotubes within the ropigufe 2.19). Moreover the MWCNTSs have a

lower modulus because only the outermost layery tiae load, and it could go down to 100 GPa.
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OO
Figure 2.18. (a) Schematics of a single-walled casb nanotube and a multiwalled carbon nanotube [2] ad (b)

TEM micrographs [36].
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Figure 2.19. Tensile modulus and shear modulus (og3 of SWCNT as a function of rope diameter [42].

2.3.1.2.1 Carbon nanotubes based composites (1): pre-processing
The production of composites requires preliminaryatments to prepare the CNTs for the
processing [1, 2, 28, 37]. In fact, most productmocesses generate a range of carbonaceous

particles such as amorphous carbon, fullerenes, rmbcrystalline graphite. Moreover, metal
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catalysts remain as a residue. The most commonoaietio remove unwanted by-products include
thermal annealing in air or oxygen for selectivehatg of amorphous carbons [43-47], and acid
treatment for eliminating catalyst residues [48kdWlanical techniques like centrifugal separation,
size exclusion chromatography and microfiltratidi®-b3] may be applied as well. Obviously all
these techniques reduce the effective yield optieeuction process.

In addition a chemical functionalization, i.e. tlagldition of new functional groups, can be
conducted on the CNTs to improve the nanotube-petymteractions for processability and
property enhancement. Several approaches havedmployed to obtain surface modifications:
doping with boron or nitrogen [54, 55], fluorinatiof the sidewalls at elevated temperatures [56],
electrochemically reduction of aryl diazonium s§ig-59], plasma treatments [60, 61], addition of
alkyl chains through reactions with sec-butyllithiji62], etc. However the most relevant treatments
are the acid treatments. In fact, acid treatmeritis WNO;, H,SOy, H,O, or mixture oxidize the
surface of CNT and introduce carboxylic acid, hygtagroups and so on [63-68]. Then the new
functional groups can be used as linking for subsetichemical reactions to attach new chemical
groups on the CNT surface. Examples of this scharaehe reactions with thionyl chloride [69,
70], amines [71, 72], silane coupling agents [43,anhd thiols [75].

2.3.1.2.2 Carbon nanotubes based composites (2): processing

Polymeric composites filled with CNTs are producedh either thermoplastic or thermoset
matrices by using several processing methods sachmedt-mixing, in-situ polymerization and
solution processing. As for all nanocomposites, riien issues are the dispersion of the CNTs
individually (i.e. the deagglomeration of bundleslaopes) and uniformly, their alignment, and the
interfacial bonding.

Melt-mixing of CNTs into thermoplastic polymers mgiconventional processing techniques, such
as extrusion, internal mixing, injection moldingdamow molding [76-92], is particularly desirable,
because of the speed, simplicity and availabilityhese processes in the plastics industry. Use of
high-shear mixing and longer processing times mayarece dispersion, and when coupled with
elongational flow, should yield aligned nanotubeasira the case of melt spinning and injection
moulding [91, 92].

In-situ polymerization is a method used for dirngathproving dispersion and integration between
the phases. Examples are intrinsically conductiolgrpers [2], thermosetting polymers as epoxy
[93] and phenolic resins [94], and thermoplastityp®rs as polystyrene [95], polyethylene [96]
and polyamide [97, 98].
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Solution-based methods provide an advantage thrtmvglviscosities, which facilitate mixing and
dispersion of the CNTs. While sonication [99-102}ypically used to improve the filler dispersion,
the effectiveness of the dispersion can be aided surfactants such as SDS, Triton X-100 and
NaBBs [103-105]. Even if these methods could bel wgéh thermosetting polymers [106], they are
used with thermoplastic polymers such as polyvalgbhol [99, 101, 102], polystyrene [30, 107],
polymethyl methacrylate [100] and others. Moreowecyitical issue is the solvent removal: even if
the evaporation during film casting maintained gbed dispersion during the processing, in certain

cases a rapid solvent can be useful to hinder reaggation phenomena of CNTs [100].

2.3.1.2.3 Carbon nanotubes based composites (3): mechanical properties

As mentioned ealier, CNTs possess remarkable pgrepetherefore the main challenge is to be
able to exploit the mechanical properties in contpeson a macroscale, combining the choice of
materials with the appropriate processing methdis €orresponds to have a good dispersion and a
good load transfer between the matrix and the ndnest

Table 2.1. Examples of the percentage increase oeatease in modulus (E) and tensile strengtlog) of MWCNT

filled polymer composites relative to the pure polgner.

Polymer matrix MW CNT content E Or References
Melt mixing

LDPE 10 Wt% +89 +56 [108]
natural rubber 10 wt% +12 n.a. [109]
PC 8 Wt% -58 +78 [110]
polyurethane 5.6 wt% +18 +78 [111]
PP 0.3 Wt% +33 +34 [112]
In-situ polymerization

PET 2 Wt% +35 +290 [113]
nylon 1010 1 wt% +27 n.a. [97]
phenolic resin 2 wt% +47 +87 [94, 114]
epoxy resin 8 wt% -31 +67 [93]

Solution mixing

PVOH 5 wid% +140 | +64 [101]
PVOH 1 vol% +100 n.a. [99, 115]
PVOH 1 Wi% +477 n.a. [102]
PS 1 wi% +42 +25 [30]
PS 5 wit% +120 |  +57 [107]

Notes: n.a., not available; LDPE, low density pthyéene; PC, polycarbonate; PP, polypropylene; Rtfly(ethylene
terephthalate); PVOH, poly(yinyl alcohol); PS, milyrene.
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Figure 2.20. SEM micrographs of fracture surface oPET-MWCNT composites [113].

While a poor dispersion can induce an early failamd hence a reduction of the properties [91], a
good dispersion can noticeably improve elastic meliand strength. Table 2.1 shows some
significant examples found in literature for MWCNilled composites: from a general point of

view, the best improvements were found in the cdselution mixing and in-situ polymerization

500 nm

Figure 2.21. Fracture mechanisms in nanotube-basemmposites [30]

The improvement of the mechanical properties of Gd$e composites is not related only to the
efficiency of load transfer phenomena obtained wgibod interfacial interactions [113], as
evidenced by Figure 2.20, where the CNTs are coveyea polymeric layer. Additional adsorption
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energy mechanisms [30] can take place during tHermation process: Figure 2.21 shows
nanotube pull-out phenomena, i.e. crack bridgingthy nanotubes, as for conventional fibre

composites [30].

2.3.2 Creep behaviour of nanocomposites

Several studies [116-129] show a drastic increddbeocreep resistance for polymers filled with
nanometric particles at low filler content, i.e. \gp5 wt%, if a good dispersion of the filler ineth
polymeric matrix is achieved (Figure 2.22). Othessvthe creep resistance decreases: this situation
occurs over a critical filler fraction because fitecessing is no longer able to hinder agglomemnatio
phenomena [118, 127]. For this reason compatibigizagents [117, 119, 120] could be used to
reduce the agglomeration tendency of the fillettiplas, because of the low interaction between
filler and polymer. Moreover, it necessary to tak® account other phenomena that the presence
of the filler particles can induce: the reductidntlee crystallinity or the crosslinking degree bét
polymer matrix could induce a reduction of the preesistance of the composites, despite the
reinforcement effect of the nanofiller [121-123]s #or the other mechanical properties, the creep
behaviour of nanocomposites could be further imedoyf a good filler-polymer interaction is
achieved. Surface treatment of the filler [125, ,12@8] and cross-linking reactions induced
between filler particles and polymer chains [128] examples. In addition, other works [130-132]
demonstrate that nanofillers could improve the greehaviour more than micrometric fillers:
Figure 2.22 shows, for example, the creep strathsrain rate of polypropylene (PP) filled with
TiO, particles that have diameter of 21 and 300 nm.

While several works examine the creep behaviowoofposites filled with plates and low aspect
ratio nanopatrticles, few papers about nanotubedfiltanocomposites are available in the literature
[116, 124, 127]. In particular, Yang et al. [124ldaGanss et al. [116] investigated PP-MWCNT
composites produced by melt mixing, while Zhang a¢t [127] examined epoxy-SWCNT
composites. From a general point of view, an imprognt of the creep behaviour in terms of creep
strain, strain rate and creep life was observdughier and lower stress (in comparison to the kensi
strength) if the filler had a good dispersion. Qitise the creep resistance decreased in comparison
to the polymeric matrix.

As mentioned before, the introduction of inorganmigid filler particles, both in the case of
micrometric and nanometric filler particles, impesvthe creep resistance of the composites.
Moreover it is interesting to observe that the dase in relative creep compliance of composites
filled with micrometric filler is often closely appximated by the reciprocal of the relative elastic

modulus of the same system as measured by strags-@t dynamical mechanical tests as depicted
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in Figure 2.23 [25, 133, 134]. This relation imglithat the filler does not change the properties of

the polymer in some manner.
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3.1 Materials

3.1.1 Polymeric matrices

This work involved the use of several polymeric mecas. This list includes the following

polymers:

an Eltex A4A009HDPE kindly supplied by BP Solvay (Solvay SA: RitePrince Albert 44,
1050 Bruxelles, Belgium), now Innovene, in the fooma fine powder. This HDPE had a
melt flow rate of 0.8 g/10 min (evaluated at 1908@d 2.16 kg) and a density of 0.958
g/cnt at 23°C. This polymer was indicated as HDPEO®ilofing chapters;

a Plastene AD25HDPE kindly supplied by Poliplast SpA (Via Agro €ello 9, 24020
Casnigo, ltaly) in the form of a fine powder. THBPE had a melt flow rate of 25 g/10 min
(evaluated at 190°C and 2.16 kg) and a density.@84g/cni at 23°C. This polymer was
indicated as HDPEZ25 in following chapters;

aPlastene BD7QDPE kindly supplied by Poliplast SpA in the fooha fine powder. This
LDPE had a melt flow rate of 70 g/10 min (evaluaa&d90°C and 2.16 kg) and a density of
0.919 g/cmi at 23°C. This polymer was indicated as LDPE7®ltofving chapter;

a Fusabond E MB100ODmaleated polyethylene kindly supplied by DuPont (ia
Pontaccio 10, 20121 Milano, Italy). This modifiedlyethylene had a melt flow rate of 2.0
g/10 min (evaluated at 190°C and 2.16 kg), a dgmsiD.960 g/cri at 23°C and a maleic
anhydride content of 0.9 wt%. This polymer was ¢atkd as MA-g-PE in following
chapters;

a Mowiflex TC 232plasticized partially hydrolyzed PVOH kindly sumgal by Kuraray
Specialities Europe GmbH (Building F821, Hoechstustrial Park, 65926 Frankfurt am
Main, Germany) in the form of pellets. This PVOHdha melt flow rate of 39 g/10 min
(evaluated at 190°C and 21.6 kg). This polymer mdscated as PVOH89p in following

chapters;
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* aCelvol 350fully hydrolyzed PVOH kindly supplied by CelaneSerporation (1601 West
LBJ Freeway, Dallas, Texas, USA) in the form okfigrains. This PVOH had a viscosity of
62-72 cP in form of a 4wt% aqueous solution at 207@is polymer was indicated as
PVOH99 in following chapters;

* ankEdistir N 2560PS kindly supplied by Polymeri Europa SpA (PiaBoddrini 1, 20097
San Donato Milanese, lItaly) in the form of pelléfkis PS had a melt flow rate of 3.8 g/10
min (evaluated at 200°C and 5 kg) and a density.@ g/cni at 23°C. This polymer was
indicated as PS in following chapters.

These materials are summarized in Table 3.1.

Table 3.1. List of the polymeric matrices.

Material code Grade Supplier

HDPEO9 Eltex A4009 BP Solvay (Solvay SA)
HDPE25 Plastene AD25 Poliplast

LDPE70 Plastene BD70 Poliplast

MA-g-PE Fusabond E MB100D Dupont

PVOH89p Mowiflex TC 232 Kuraray

PVOH99 Celvol 350 Celanese

PS Edistir N 2560 Polimeri Europa

3.1.2 Inorganic fillers
This work involved the use of several inorganitefs: Cu and Fe powders, CBs and MWCNTSs.

The following paragraphs are dedicated to presemit tharacteristics.

3.1.2.1 Copper (Cu) and iron (Fe) powders

Micrometric copper (Cu) and iron (Fe) powders wesed. In both cases two different dimensions
of Cu and Fe powders were considered: a powderamitbminal characteristic dimension of |1

or less (but always in micrometer range) and a gowdth a nominal characteristic dimension of
50 um or more. The powders were kindly supplied by Sightidrich S.r.l. (Via Gallarate 154,
20151 Milano, Italy) and by Cerac Inc. (P.O. Box/&1Milwaukee, Wisconsin, USA). Table 3.2

summarizes the details of all the used metallicgera.
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Table 3.2. List of Cu and Fe powders.

Material Code Grade Supplier Dimension

Culo 32,645-3 Sigma-Aldrich | <10pm

Cu45 C-1240 Cerac -200+325 mesh (45-75m)
Fel5 [-1021 Cerac 325 mesh (<1pm)

Fe45 1-1069 Cerac -140+325 mesh (45-106m)

3.1.2.2 Carbon blacks (CBs)

Four different types of CBs were used, whose charnatic properties, such as the density
determined by X-ray diffraction measurements, thectic surface area (SSA) determined by the
Brunauer—Emmett—Teller method (ASTM D 6556-03), dind OAN determined with n-dibutyl
phthalate (ASTM D 2414-04), are summarized in Téb& All the materials were supplied in the

form of a fine powders.

Table 3.3. List of CBs. D represents the average afneter of the primary particles as observed at TEM

microscope.

Material . Density | OAN SSA D
Grade Supplier 5 3 5

Code [g/cm’] | [em/g] | [m“/g] [nm]

Columbian Carbon Europa SRL
CB105 Raven P-FE/B (Via San Cassiano 140, 28069 San 1.92 0.98 105 30+35
Martino Di Trecate, Italy)

Columbian Carbon Europa SRL
CB226 Conductex 975u 1.94 1.69 226 2025
(see above)

Akzo Nobel Chemicals SPA

Ketjenblack o )
CB802 (Via Eliseo Vismara 80; 20020 Arese| 1.92 3.22 802 15+20
EC300J
Italy)
Ketjenblack Akzo Nobel Chemicals SPA
CB1353 1.95 4.95 1353 | 10+15
EC600JD (see above)

3.1.2.3 Multiwalled carbon nanotubes (MWCNTS)
Two types of MWCNTSs have been considered in thiskwo
» First, a commercial masterbatch with the traden@ndphistrength 100 P5Rindly supplied
by Arkema SA (Paris la Defense, France) contaididgvt% of MWCNTSs in a polyacrylic
carrier in the form of fine grains. The MWCNTs haue outer mean diameter of 10-15 nm

and a length of 0.1-10m. This filler was indicated as pMWCNT in followirgipapters;
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» second, MWCNTsL240 XHkindly supplied by Nanostructured & Amorphous Metks
Inc. (820 Kristi Lane, Houston, TX 87544, USA) puoed by catalytic chemical vapor
deposition (CVD) in the form of fine powder. The MGMTs have an outer mean diameter
of 20-30 nm and a length of 0.5¢2n. This filler was indicated as uMWCNT in following
chapters.

These materials are summarized in Table 3.4.

Table 3.4. List of MWCNTSs.

Material Code Grade Supplier Diameter Length
PMWCNT Graphistrength 100 P50,  Arkema 10-15nm | 0.1-10um
UMWCNT 1240 XH NanoAmor 20-30 nm 0.5-2pm

3.2 Composite preparation and characterization
In this work several types of composites were peeduand several techniques were used to
characterize them. For these reasons the descaripticomposite preparation and characterization

is divided in relation to the type of composites.

3.2.1 Cu and Fe powders based composites

The dried HDPE25, Cul0 and Cu45 powders were maxetithen melt-compounded with a twin
screw extruder Thermo-Haake Polylab Rheomex PTW dd@ptating, intermeshing twin screw
extruder with a screw diameter of 16 mm and a letgtdiameter ratio of 25, equipped with a rod
capillary die (diameter = 5 mm). The barrel tempae profile was set at 130-155-160-170-170°C
and the screw rotation speed at 20 rpm. The adtedffaction was assessed in a such a way to
obtain a composite with a content up to about 3&ovo

The grounded composite materials were processédarways. In the first case, all the materials
produced were injection moulded by using a Morgab5& press in order to obtain a 100x60x2
mm® sheet. The barrel and nozzle temperatures weratsE20°C and the mould temperature at
50°C; the melting time was about 5 minutes, thenpiag force of the mould 18 tons and injection
pressure 140 psi. In the second case samples athposites were compression moulded in an
electrically heated hydraulic Carver press to abghieet dimensions of 200x200x0.5 fnifhe hot
press procedure involved preheating at 160 °C fbmiinutes followed by compressing for 30
seconds at the same temperature with a load airi€) and subsequent cooling under pressure until
room temperature was reached (at about 10°C/minly €amples of the base matrices HDPE25
and LDPE70 and 1 vol% filled composites were predinith this technique.
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The list of the sample produced is contained inl§&h5. Notwithstanding, it is appropriate to

observe that the work is divided into two parts:

* in the first part, the effects of the filler typ€ and Fe powders), of the matrix type (HDPE

and LDPE) and of the filler content were evaluatadhis case the composites produced by

injection moulding were considered (see chaptex, 4.2

* in second part, only the effect of the filler disean was evaluated. In this case only the

composites produced by compression moulding wersidered, i.e. HDPE25-Cul0 and
HDPE25-Cu45 composites (see chapter 4.3).

Table 3.5. List of the produced Cu and Fe powdersdsed composites.

Composites Injection moulding Compression moulding
HDPE25 yes yes

HDPE25-Cul0 up to 20 vol% 1 vol%
HDPE25-Cu45 up to 30 vol% 1 vol%

LDPE70 yes

LDPE70-Cu45 up to 50 vol%

LDPE70-Fel5 up to 30 vol% -

LDPE70-Fe45 up to 30 vol% 1 vol%

The produced materials were analyzed with opticatrascopy (OM), scanning electron

microscopy (SEM), thermogravimetric analysis (TGAifferential scanning calorimetry (DSC),

dynamic mechanical thermal analysis (DMTA), tengdigts and tensile creep tests. In particular the
creep tests were conducted only on the HDPE25-Quposites produced by compression

moulding. Moreover SEM was conducted on the drypeo@and iron powders.

3.2.1.1 SEM

The metallic powders were observed with a Philips-38 TMP ESEM scanning electron
microscope (SEM) in order to evaluate their effecg8hapes and dimensions.

Moreover, the quality of the interaction between fliler particle and the polymeric matrix was
evaluated by observing the fractured surface ofctimaposites with a SEM Cambridge Stereoscan
200. The samples were immersed in liquid nitrogen & minimum of 60 minutes and then

fractured.
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3.2.1.2 DSC

Differential scanning calorimetry (DSC) measuremmewere conducted with a Mettler DSC 30
calorimeter on the composite materials. In the cdgbe composites based on an HDPE25 matrix,
a first heating ramp from 0°C up to 200°C was fwkal by a cooling stage from 200°C to 0°C, and
by a second heating ramp up to 200°C. In the cafieeccomposites based on LDPE70 matrix the
reference temperatures were -20°C and 180°C. Betting and cooling rates were fixed at
10°C/min, and all tests were conducted in nitrofj@shing at 100 ml/min. The crystallinity content
of the composites was assessed by integratingaimatized area of the melting endothermic peak
and dividing the heat involved by the referenceugabf a theoretical 100% crystalline HDPE
(277.1 J/g) [135] and LDPE (140.6 J/g) [135].

3.2.1.3 TGA

Thermogravimetric analysis (TGA) was carried outhettler TG 50 at a heating rate of 10°C/min
in nitrogen atmosphere (200 ml/min). Typically 3¢ samples of composite materials were placed
into the alumina sample pan and heated from 30°® &00°C.

3.2.1.4 DMTA

Dynamic mechanical thermal analysis (DMTA) testsrevearried out by using the MKII of
Polymer Laboratories Ltd apparatus on the compasierials: the tests were performed at a
frequency of 1 Hz by scanning temperature in timgearom —130°C to +130°C at a heating rate of
3°C/min. The specimens consisted of strips witlominal gauge length of 15 mm, and a width of 5
mm. The tests were carried out in tensile mode fplying a displacement amplitude of ggn
corresponding to a strain amplitude of about 0.28e pre-load applied to perform the test was 0.1
MPa.

3.2.1.5 Tensile tests

An Instron tensile tester, model 4502, was usedhéasure tensile mechanical properties of the
composite materials. The tests were conducted @ sigcimens (with a gauge length of 30 mm)
according to the standard ISO 527. The tensile musdwas determined by performing tests at a
cross-head speed of 0.5 mm/min, while tensile gtrermnd strain at yield and at break were

measured at a cross-head speed of 50 mm/min. peainsens were tested for every material.
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3.2.1.6 Tensile creep tests

Tensile creep tests were conducted by using aromgib02 tensile tester on a strip sample with a
gauge length of 60 mm and a width of 5 mm. Thewese performed by applying a constant load,
i.e. the stress, at a fixed temperature and mongdhe displacement, i.e. the deformation, for@B60
seconds. Before testing every, specimens was ¢onelt at the testing temperature for 15 minutes.
The temperature was varied between 30°C and 908CGhenapplied constant stress between 3 and
15 MPa.

3.2.2 CB based composites

The dried powders of HDPEQ9 and CBs (all the fgpes) were mixed and then melt-compounded
with the twin screw extruder (see the chapter 3.2quipped with a sheet die. The barrel
temperature profile was set at 130-200-210-220-Q241d the screw rotation speed at 12 rpm. The
extruder produced a continuous sheet with a sectid0x1.5 mm. The added filler fraction was
assessed in a such a way to obtain a composite avidbntent of 0.5 and 1 vol%. For all the
materials, repeated extrusions (up to 3 timesy gfieding with a Piovan RN1515 granulator were
performed.

Table 3.6 presents the list of the produced HDPEBX:zomposites. It is appropriate to observe that
the work can be divided in two parts:

* in the first part, the effects of the filler typadaof the filler dispersion degree in the matrix
were evaluated by considering only HDPEQ9-CB226 HAIMPE09-CB1353 with a filler
content of 1 vol% and extruded up to 3 times ($&pter 5.1);

* in second part, only the effect of the filler tymeas evaluated by considering all the
HDPEQ9-CB composites with a filler content of 0&% and extruded up to 2 times (see
chapter 5.2).

Table 3.6. List of the produced CB based composites

Composites Filler content | Compression moulding
HDPEQ9 - up to 3 extrusions
HDPEO9-CB105 | 0.5vol% up to 2 extrusions
HDPEQ9-CB226 | 0.5 vol% up to 2 extrusions
HDPEOQ9-CB802 | 0.5 vol% up to 2 extrusions
HDPEO09-CB1353| 0.5 vol% up to 2 extrusions
HDPEQ9-CB226 | 1 vol% up to 3 extrusions
HDPEQ9-CB226 | 1 vol% up to 3 extrusions
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The HDPEQ9-CB composites with a filler content ofdl% were analyzed with OM, transmission
electron microscopy (TEM), SEM, TGA, DSC, DMTA, rdlow rate (MFI), rheological

behaviour, gel permeation chromatography (GPCXkilenests, essential work of fracture (EWF)
and tensile creep tests. The HDPEQ9-CB compositbsaniller content of 0.5 vol% were analyzed

with OM, tensile tests and essential work of fraetf{(EWF) tests.

3.2.2.1 OM

The quality of the filler dispersion was evaluatgdusing a Zeiss Axiotech 100optical microscope
(OM) equipped with a Leica DC 300 or Nikon Coolpts00digital camera. Thin slices with a
thickness of about 1fim were cut with a Leica RM 2035 microtome and tlodaserved with

microscope.

3.2.2.2 TEM
The quality of the filler dispersion was evaluabgdusing a Philips EM 400 T transmission electron
microscope (TEM): ultrathin sections were cut wigh Leica EM UCG6cryo-ultramicrotome.

Moreover, samples of the different CB were observed

3.2.2.3 DSC

Differential scanning calorimetry (DSC) measuremsenere conducted on HDPEQ9 powders and
on the composite materials. A first heating rangmfrO°C up to 200°C was followed by a cooling
stage from 200°C to 0°C, and by a second heatimg 1@ to 200°C. Both heating and cooling rates
were fixed at 10°C/min and all tests were condugdtedhitrogen flushing at 100 ml/min. The
crystallinity content of the composites was asskdse integrating the normalized area of the
melting endothermic peak and dividing the heat ived by the reference value of a theoretical
100% crystalline HDPE (277.1 J/g) [135].

3.2.2.4 TGA
Thermogravimetric analysis (TGA) was carried outaaheating rate of 10°C/min in nitrogen
atmosphere (200 ml/min). Typically 30 mg samplexaiposite materials were placed into the

alumina sample pan and heated from 30°C up to 600°C
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3.2.2.5 MFI
The measurements of the melt flow index (MFI) wpegformed with a Dynisco LMI 4000melt
indexer according to ASTM D 1238 standard: thestegtre carried out at 220°C with a load of 5

kg for all the materials.

3.2.2.6 Rheology

The dynamic rheological behaviour of all the comigsswere measured in a rotational rheometer
Rheometrics RDAII using small amplitude oscillatasiyear flow between parallel plates under
nitrogen atmosphere. The complex viscosity wasiobthin a frequency range between 0.04 and
400 $' at 220°C. Dynamic strain sweeps were also perfdrore some samples to determine the

strain range of linear response of each material.

3.2.2.7 GPC

Gel permeation chromatography (GPC) tests wereopeed with a Waters Sci. Chromatograph,
model 150-CV on the HDPEQ9 samples, powder anduéatt materials. The different samples
were dissolved in 1, 2, 4 thriclorobenzene usin@lB®5 wt% butylhydroxytoluene (BHT) as
antioxidant; at the same initial concentration, #émeh injected at 135 °C. The measurement was
done in duplicate and sequentially to reduce thiecefof changing the calibration curve.
Furthermore, the measurements were repeated timeset for each sample. Molecular weight
distributions (MWD) were assessed by using the eviilim software. From this, the number
average molecular weightvif), the weight average molecular weighi,jand the index of

polydispersity P) were calculated.

3.2.2.8 FTIR
Fourier Transform Infrared Spectroscopy (FTIR) weadlected for all the composites materials
with a spectrometer Thermo Nicolet. The tests weaeied out in transmission mode on films

(about 50um) produced by hot pressing.

3.2.2.9 DMTA

The dynamic mechanical thermal analysis (DMTA) destere carried out on the composite
materials in two modes: in the first case at adegpy of 1 Hz by scanning temperature in the range
from —130°C to +130°C at a heating rate of 3°C/mvhjle in the second case at six frequencies
(from 0.3 to 30 Hz) by scanning temperature inrtregge from —20°C to +130°C at a heating rate of

0.5°C/min. The specimens consisted of strips witlominal gauge length of 15 mm and a width of
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5 mm: the tests were carried out in tensile modajgylying a displacement amplitude of g&
that is a strain amplitude of about 0.2%. The peedlapplied to perform the test was 0.1 MPa.
These tests were performed only on HDPEQ9 extrddadd 3 times, HDPEO09, HDPEQ9-CB226
1vol% and HDPEQ9-CB1353 1 vol% extruded 3 timese gbal was to analyze the effect of the
multiple extrusion on HDPEQ9 and the effect of filer type (with a good filler dispersion).

3.2.2.10 Tensile tests

Instron tensile tester, model 4502, was used tosureatensile mechanical properties of the
composite materials. The tests were conducted earsens 1BA (with a gauge length of 30 mm)

according to the standard 1ISO 527. Tensile modulas determined by performing test at cross-
head speed of 0.5 mm/min, while tensile strength strain at yield and at break at a cross-head
speed of 50 mm/min. Five specimens were testeeviery materials.

3.2.2.11 EWF

For EWF testing, rectangular coupons with a witlof 40 mm and an overall length of 100 mm
were cut out from the extruded sheets. The coupame then razor notched to produce a series of
DENT specimens with varying ligament lengthsAfter notching, each specimen was tested up to
complete failure at an initial grips separatidrof 60 mm and at a constant cross-head speed of 12
mm/min. The load—displacement curve for each spewinvas recorded and the total work of
fractureW;, the maximum loadmax the work for the yieldiny\y, and the work for the necking and
subsequent fracturd, were subsequently measured. The fracture surfateeoDENT samples
was observed with SEM and with a Leitz Wild steoe@sc microscope equipped with a digital

camera.

3.2.2.12 Tensile creep tests

Tensile creep tests were conducted by using anomgt502 tensile tester on strip sample with a
gauge length of 60 mm and a width of 5 mm. Thewest performed by applying a constant load,
and therefore the stress, at a fixed temperatude naonitoring the displacement, and thus the
deformation, for 3600 seconds. Before testing, ye\vsgrecimen was conditioned at the testing
temperature for 15 minutes. The temperature wagsd/dretween 30°C and 90°C, and the applied
constant stress between 3 and 15 MPa.

While all the materials underwent a reference &s80°C and 3 MPa, the behaviour of some
materials were investigated in more detail: HDPEQ&uded 1 and 3 times, HDPEQO9, HDPEOQ9-
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CB226 1vol% and HDPEQ09-CB1353 1 vol% extruded 3F#nirhe goal was to analyze the effect
of the multiple extrusion on HDPEQ9 and the effadhe filler type (with a good filler dispersion).

3.2.3 MWCNT (Arkema) based composites

The dried powders or pellets of HDPE09, MA-p-PE aMWCNT were mixed and then melt-
compounded with a Thermo-Haake Polylab Rheomix iG@rnal mixer. The temperature was set
at 180°C and the rotation speed at 20 rpm for Sutegrand then 100 rpm for 20 minutes. Samples
of the composites were compression moulded to mktheet 200x200x0.5 nimThe hot press
procedure involved preheating at 180 °C for 10 nasadollowed by compressing for 30 seconds at
the same temperature with a load of 10 tons, abdesuent cooling under pressure until to reach
the room temperature (at about 10°C/min). The addédg-PE and pMWCNT fractions were
assessed in a such a way to obtain the compositgazitions as indicated in Table 3.7: it is
appropriate to observe that the table indicate dtfiective MWCNT content in the composite
materials and not the added pMWCNT fraction becqpM8/CNT is a masterbatch with only a
partial content of MWCNTs. Moreover all the pMWCNbased composites were produced with an
effective MWCNT content of 1 vol%.

Table 3.7. List of the produced pMWCNT based composites.

Polymeric matrix Filler
Material Code composition content
HDPEO9 | MA-g-PE | MWCNT
[vol%] [vol%] [vol%]
HDPEQ09-(MA-g-PE) blends
HDPEO9 100 -
HDPEO09-(MA-g-PE) 5 vol% 95 5 -
HDPE09-(MA-g-PE) 10 vol% 90 10
HDPE09-(MA-g-PE) 20 vol% 80 20
HDPEOQ09-(MA-g-PE)-pMW CNT composites
HDPEQO9-pMWCNT 1 vol% 100 - 1
[HDPE09-(MA-g-PE) 5 vol%]-pMWCNT 1 vol% 95 5 1
[HDPEO09-(MA-g-PE) 10 vol%]-pMWCNT 1 vol% 90 10 1
[HDPEO09-(MA-g-PE) 20 vol%]-pMWCNT 1 vol% 80 20 1

It is appropriate to observe that the work canilk®dd in two parts:
* in the first part only the effects of pMWCNT on HBERroperties was evaluated. For this
reason only HDPEO9 and HDPEO9-pMWCNT 1 vol% wenesadered (see chapter 0);
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* in second part the effect of addition of the MA-g§-Ras evaluated. For this reason the main
topic of this part was the comparison between HORP@DA-g-PE) blends and HDPEQ9-
(MA-g-PE)-pMWCNT composites (see chapter 6.2).

The produced materials were analyzed with OM, TGAC, DMTA, tensile tests and tensile creep
tests: DMTA and the creep test were conducted oniHDPEQO9 and HDPEQO9-pMWCNT 1 vol%

composites. Moreover, TEM, TGA, DSC and DMTA werenducted on the masterbatch
PMWCNT.

3.2.3.1 OM
The quality of the filler dispersion was evaluabgdoptical microscopy: thin slices with a thickness

of about 1Qum were cut with a microtome and then observed wmittroscope.

3.2.3.2 TEM

The MWCNTSs of the masterbatch pMWCNT were obsemwét a TEM: for this reason a sample
of pMWCNT was burned with a TGA in order to remae polymeric carrier. Therefore the
MWCNTSs were dispersed in ethanol with the help ebaication bath and a drop of the dispersion
was put on a thin film of amorphous carbon. Once @éthanol was evaporated, the sample was
observed at TEM.

3.2.3.3 DSC

In the case of DSC measurements on the composiiriaia a first heating ramp from 0°C up to
200°C was followed by a cooling stage from 200°Qt€ and by a second heating ramp up to
200°C. In the case of the pMWCNT sample, the refezetemperatures were -20°C and 250°C.
Both heating and cooling rates were fixed at 1096/and all tests were conducted in nitrogen

flushing at 100 ml/min.

3.2.3.4 TGA

TGA was carried out at a heating rate of 10°C/mimitrogen atmosphere (200 ml/min). Typically
20 mg samples were placed into the alumina sangrieapd heated from 30°C up to 600°C for the
composites and up to 800°C for pMWCNT.

3.2.3.5 DMTA
The DMTA tests were performed at a frequency ofzlby scanning temperature in the range from

—130°C to +130°C at a heating rate of 3°C/min ia tase of the composites and from room
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temperature until the break at the same heatirg irathe case of pMWCNT. The specimens
consisted of strips with a nominal gauge lengtll®fmm and a width of 5 mm: the tests were
carried out in tensile mode by applying a displagetmamplitude of 32um corresponding to a
strain amplitude of about 0.2%. The pre-load ajppiceperform the test was 0.1 MPa.

The tested sample of pMWCNT was produced by comsmesnoulding. The hot press procedure
involved preheating at 180 °C for 10 minutes fokmiAby compressing for 30 seconds at the same
temperature with a load of 10 tons, and subsequesiing under pressure until to reach the room
temperature (at about 10°C/min).

3.2.3.6 Tensile tests

The tensile tests were conducted on specimens WA & gauge length of : 30 mm) according to
the standard 1SO 527. Tensile modulus was detedriyeperforming test at cross-head speed of
0.5 mm/min, while tensile strength and strain aldjiand at break at a cross-head speed of 50

mm/min. Five specimens were tested for every nalteri

3.2.3.7 Tensile creep tests

Tensile creep tests were conducted on strip samptesa gauge length of 60 mm and a width of 5
mm. The tests were performed by varying the tentperdetween 30°C and 90°C and the applied
constant stress between 3 and 15 MPa. The dispéaderand thereby the deformation, was
monitored for 3600 seconds. Before the testingryespecimen was conditioned at the testing

temperature for 15 minutes.

3.2.4 MWCNT (NanoAmor) based composites
In this chapter the work conducted on the uUMWCNTMNahoAmor is described. This includes the
treatment on uUMWCNT, the characterization of theeated and treated MWCNTS, the production

and the characterization of the composites basedese MWCNTSs.

3.2.4.1 MWCNT treatments

3.2.4.1.1 Oxidation of MWCNTSs by nitric acid

A suspension of raw uUMWCNT (about 0.5 g) and nigeed (about 50 ml), i.e a concentration of 10
mg/ml, was added into a round-bottomed glass flask,the MWCNTs were dispersed for 15 min
in an Elma Transsonic T 460/H ultrasonic bath. Thiea reaction flask equipped with reflux

condenser and magnetic stirrer was mounted intzepted oil bath at 130°C. After a fixed time (2,
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6, 12 and 24 h) the suspension was extracted, ¢@old centrifuged at 3500 rpm for 15 min, and
the resulting yellow-brown solution was decantetie Twet powder was washed with distilled
water, centrifuged (3500 rpm, 15 min) and decaitedtively as long as the suspension reached a
neutral pH. After the last centrifugation, the dofiample was dried in a oven under vacuum at
120°C for 12 h.

The samples produced with the treatment are ineticas oOMWCNT in the following chapters.

3.2.4.1.2 Functionalization of MWCNT with silane coupling agents
The treatment was performed on oMWCNT characterlzgdn oxidation time of 24 h (see the
previous chapter). Two types of silane were usedo@adecylsilane C4#CH,)1;SiH; (molecular
weight = 284.60) purchased from Sigma-Aldrich, gaded as ODS, and a phenyltrimethoxy silane
(CH30)3Si—Ph (molecular weight = 198.29) with the commertialemark Z-6124 purchased by
Dow Corning, indicated as PMS. A suspension of oMWG2 mg/ml), silane (2%mol per each
square meter of oOMWCNT) and toluene in the case®$ and ethanol in the case of PMS (50 ml)
was added into a round-bottomed glass flask andVIMMECNTs were dispersed for 15 min in an
ultrasonic bath. Then two types of treatment wendégomed:
» the reaction flask equipped with reflux condensed anagnetic stirrer was mounted in a
preheated oil bath at 80°C for 48 h. The treatnaex®t performed only with ODS;
e an Hielscher UP400S tip sonicator was put into teaction flask for 40 min at room
temperature. The treatment was performed with OmBRMS.
After the fixed time, the suspension was extraeed filtrated with a Teflon membrane (Quen
pores), washed with acetone (in the case of ODS®}tl@nol (in the case of PMS) and dried in a

oven under vacuum at 120°C for 12 h.

3.2.4.1.3 Characterization of MWCNTSs

A Micromeritics AccuPyc 1330TC helium pycnometersmased to measure the density of the
MWCNTSs: the fill pressure was set to 19.5 psig dimel equilibration rate to 0.0050 psig/min.
Multiple measurements were employed to have a cetplesorption of the nitrogen from the
MWCNTSs: the limiting density was assumed as the ttensity of the material.

TGA analysis was carried out at a heating rate @CImin in nitrogen atmosphere and in air
atmosphere (200 ml/min). Typically 10 mg sampleseagaced into the alumina sample pan and
heated from 30°C up to 800°C.

TEM observations were performed to assess the rotogh of the pristine and modified
MWCNTSs. Therefore the MWCNTs were dispersed in ethavith the help of a sonication bath
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and a drop of the dispersion was put on a thin bliramorphous carbon. Once the ethanol was
evaporated, the sample was observed using a TEM.

The samples were observed and analyzed by SEM pepiipn EDAX microanalysis system in
order to detect the presence of residual catafyslshe relative content of carbon and oxygen.
FTIR spectra were collected with a Nicolet Magnd@ Spectrometer in transmission mode on
powdered samples in KBr pellets.

Nitrogen adsorption measurements at 77 K were edhrout using a volumetric adsorption
apparatus (Micromeritics ASAP 2010). Typically angde of 0.1 g, that was previously dried at
150°C under a vacuum, was analyzed. The nitrogearption isotherm curves were analyzed with
Brunauer—-Emmett—Teller method in order to deterntivéespecific surface area and the pore size
distribution.

3.2.4.2 MWCNT filled composites

3.2.4.2.1 HDPEO9-MWCNT (extruder) composites

The dried powders of HDPE0O9 and uMWCNT were mixed then melt-compounded with the
twin screw extruder (see the chapter 3.2.1) equippth a sheet die. The barrel temperature profile
was set at 130-200-210-220-220°C and the screwiontgpeed at 12 rpm. The extruder produced a
continuous sheet with a section of 50x1.5 mithe added filler fraction was assessed in a such
way as to obtain a composite with a content of 00085 and 0.5 vol%.

The quality of the filler dispersion was evaluabgdoptical microscopy: thin slices with a thickness
of about 1Qum were cut with a microtome and then observed wriceoscope.

TGA was carried out at a heating rate of 10°C/mimitrogen atmosphere (200 ml/min). Typically
30 mg samples of composite materials were placedtive alumina sample pan and heated from
30°C up to 600°C.

DSC measurements were conducted on the compositiata A first heating ramp from 0°C up
to 200°C was followed by a cooling stage from 2066@°C and by a second heating ramp up to
200°C. Both heating and cooling rates were fixed@tC/min and all tests were conducted in
nitrogen flushing at 100 mi/min. The crystallinipontent of the composites was assessed by
integrating the normalized area of the melting ehelonic peak and dividing the heat involved by
the reference value of a theoretical 100% crysialHiDPE (277.1 J/g) [135].

Tensile tests were conducted on specimens 1BA (@vigauge length of 30 mm) according to the
standard ISO 527 in order to measure the mechamiopkrties of the composite materials. Tensile

modulus was determined by performing tests at asehead speed of 0.5 mm/min, while tensile
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strength and strain at yield and at break at asenesd speed of 50 mm/min. Five specimens were
tested for every material.

DMTA tests were were performed on the compositeenmads at a frequency of 1 Hz by scanning
temperature in the range from —130°C to +130°C aeating rate of 3°C/min. The specimens
consisted of strips with a nominal gauge lengtil®fmm and a width of 5 mm: the tests were
carried out in tensile mode by applying a displagetamplitude of 3am corresponding is a strain

amplitude of about 0.2%. The pre-load applied tdgum the test was 0.1 MPa.

3.2.4.2.2 HDPEO9-MWCNT (mixer) composites

The dried powders or pellets of HDPE0O9 and uMWCNdravmixed and then melt-compounded
with an internal mixer. More configurations wereed4o produce the composites materials: Table
3.8 presents a list of the temperature, rotatioeedpand time of processing. Samples of the
composites were compression moulded to obtain £@#200x0.5 mrh The hot press procedure
involved preheating at 180 °C for 10 minutes fokmlAby compressing for 30 seconds at the same
temperature with a load of 10 tons, and subsequmoiing under pressure until to reach the room
temperature (at about 10°C/min). The added uMWNCtions were assessed in a such a way to

obtain the composite compositions as indicatedaild 3.8.

Table 3.8. List of the produced composite materialand corresponding processing conditions.

Material Processing condition

HDPEOQ9 180°C

HDPEO9-uMWCNT 0.05 vol% 15 min @ 20 rpm
HDPEOQO9-uMWCNT 0.5 vol%

HDPEQ9 180°C

HDPEO9-uMWCNT 0.05 vol% 5 min @ 20 rpm + 20 min @ 100 rpm
HDPEQ9-uMWCNT 0.5 vol%

HDPEO9 135°C

HDPEOQO9-uMWCNT 0.5 vol% 5 min @ 20 rpm + 20 min @ 100 rpm

The quality of the filler dispersion was evaluabgdoptical microscopy: thin slices with a thickness
of about 1Qum were cut with a microtome and then observed atascope.

Thermogravimetric analysis (TGA) was carried outaaheating rate of 10°C/min in nitrogen

atmosphere (200 ml/min). Typically 30 mg samplexaiposite materials were placed into the

alumina sample pan and heated from 30°C up to 600°C
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Differential scanning calorimetry (DSC) measurersemére conducted on the composite materials.
A first heating ramp from 0°C up to 200°C was felld by a cooling stage from 200°C to 0°C and
by a second heating ramp up to 200°C. Both heatmpcooling rates were fixed at 10°C/min and
all tests were conducted in nitrogen flushing a0 I0l/min. The crystallinity content of the
composites was assessed by integrating the noedadira of the melting endothermic peak and
dividing the heat involved by the reference valtieadheoretical 100% crystalline HDPE (277.1
J/g) [135].

Tensile tests were conducted on specimens 1BA (avigauge length of 30 mm) according to the
standard ISO 527 in order to measure the mechamiopkrties of the composite materials. Tensile
modulus was determined by performing test at chessl speed of 0.5 mm/min, while tensile
strength and strain at yield and at break at asenesd speed of 50 mm/min. Five specimens were
tested for every materials.

DMTA tests were were performed on the compositeenads at a frequency of 1 Hz by scanning
temperature in the range from —130°C to +130°C aeating rate of 3°C/min. The specimens
consisted of strips with a nominal gauge lengtll®fmm and a width of 5 mm: the tests were
carried out in tensile mode by applying a displagetamplitude of 32m that is a strain amplitude
of about 0.2%. The pre-load applied to performtés was 0.1 MPa.

Tensile creep tests were conducted on strip samiffiea gauge length of 60 mm and a width of 5
mm. The test were performed at 30°C with an apptiedstant stress of 3 and 15 MPa: the
displacement, i.e. the deformation, were monitoi@d 3600 seconds. Before the testing every
specimens was conditioned at the testing temperéurl5 minutes.

3.2.4.2.3 PVOH-MWCNT (bath sonication) composites

The dried powders or grains of PVOH89p, PVOH99 atWCNT were compounded by solution
mixing with the help of a sonication treatment. TM®VCNTs were added to 50 g/l aqueous
solution of PVOH in a such a way to obtain a filfeaction of 0.05 and 0.5 vol%, i.e. it was used
dispersions of about 0.05 and 0.5 mg/ml, and dsgaefor 1 h in an ultrasonic bath. The solutions
were cast into a silicon mould and placed in a 606&@&ted oven to allow evaporation of the solvent
and the dried in a oven under vacuum at 110°C for Bable 3.10 presents the list of the produced
materials.

The quality of the filler dispersion was evaluatgdobserving the produced films with an optical

microscope.
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Thermogravimetric analysis (TGA) was carried outaaheating rate of 10°C/min in nitrogen
atmosphere (200 ml/min). Typically 30 mg samplexaiposite materials were placed into the
alumina sample pan and heated from 30°C up to 600°C

Differential scanning calorimetry (DSC) measurersemére conducted on the composite materials.
A first heating ramp from 0°C up to 240°C was felld by a cooling stage from 240°C to 0°C and
by a second heating ramp up to 240°C. Both heatmcooling rates were fixed at 10°C/min and
all tests were conducted in nitrogen flushing & #)/min. The DSC curves was used to calculate
the glass transition temperature and the crysiigllcontent that was assessed by integrating the
normalized area of the melting endothermic peak dinilling the heat involved by the reference
value of a theoretical 100% crystalline PVOH (161/¢) [136].

DMTA tests were performed on the composite materal a frequency of 1 Hz by scanning
temperature in the range from -50°C to +200°C d&teating rate of 3°C/min. The specimens
consisted of strips with a nominal gauge lengtil®fmm and a width of 5 mm: the tests were
carried out in tensile mode by applying a displagetamplitude of 3m that is a strain amplitude

of about 0.2%. The pre-load applied to performtédst was 0.1 MPa.

3.2.4.2.4 PVOH-MWCNT (tip sonication) composites

The dried powders or grains of PVOH89p, uMWCNT, oKW (with an oxidation time of 24 h)
were compounded by solution mixing with the helpaotationic surfactant as SDS and of a
sonication treatment. The MWCNTs were added to d/0@queous solution of PVOH in a such a
way to obtain a filler fraction of 0.5 vol%, i.et was used dispersions of about 1 mg/ml, and
dispersed for 15 min with a tip sonicator. Moreogeaqueous solution of PVOH with 1 g/l of
sodium dodecyl sulfate (SDS96.0%, purchased by Sigma-Aldrich) was producece Jdlutions
were cast into a silicon mould and placed in a 606&@&ted oven to allow evaporation of the solvent
and the dried in a oven under vacuum at 110°C for Bable 3.9 presents the list of the produced
materials.

The quality of the filler dispersion was evaluatgdobserving the produced films with an optical

microscope.
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Table 3.10. List of the produced PVOH- Table 3.9. List of the produced PVOH89p-
UMWCNT composites. MWCNT composites.

Material Material

PVOH89p PVOH89p

PVOHB89p-uMWCNT 0.05 vol% PVOHB89p-uMWCNT 0.5 vol%
PVOHB89p-uMWCNT 0.5 vol% PVOHB89p-oMWCNT 0.5 vol%

PVOH99 PVOH89p-SDS-uMWCNT 0.5 vol%
PVOH99-uMWCNT 0.05 vol%

PVOH99-uMWCNT 0.5 vol%

a7



48



4 Results on copper- and iron-powder-based composit es

This chapter is dedicated to Cu and Fe powderglbamaposites: the paragraph 4.1 presents a brief
characterization of the metallic powders. Aftervgatide paragraph 4.2 deals with all the type of the
composites produced by injection moulding (HDPE28:-Q; HDPE25-Cu45, LDPE70-Cu45,
LDPE70-Fel5 and LDPE70-Fe45) with different filmyntent, while the paragraph 4.3 with only
HDPE25-Cul0 and HDPE25-Cu45 composites with 1 voRfiller produced by compression

moulding.
4.1 Cu and Fe powders

4.1.1 SEM
The main goal of the SEM observations of the mietplbwders was to assess the effective particle
shapes and dimensions and to compare these dtta tatasheet of the suppliers. Figure 4.1 and

Figure 4.2 show some examples of the acquired wpiaphs.

) )
AcdV ) Spol Mignm, ‘Det’ wiTk——— “200uma ()
20:0 kV 5.0 __100x GSE, 10708 Torr Polvere Gu{45-75um}

AccY  SpotMagn  Det wD —=+—=- Boum
20.0 kY. 5.0 500X GSE 10.7 0.8 TorrPolvere Cu(<1 0um})

“(a)

Figure 4.1. SEM micrographs of Cul0 (a) and Cu45 b
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Figure 4.2. SEM micrographs of Fel5 (a) and Fe45)b

The powders of CulO had an irregular shape thag omlfirst approximation was spherical:
probably they were produced by reduction [137]. Pheticle dimensions were variable between 1
and 20um with a broad distribution. On the other handpberder of Cu45 had perfectly spherical
shape and they were probably produced by atomizdtl®7]. In the case the particle had
dimensions between 10 and ffth: nevertheless it is convenient to observe thatftaction of
particle under 4@um was very small.

The powders of Fel5 were plates with an irreguldiase probably because they were produced by
hydrogen reduction [137]. The plate width was Magabetween 10 and 5@m and the thickness
between 5 and 2(@m with a broad distribution: the most part of tHat@s were 2Qum large and 5
pum tick. Similarly the powders of Fe45 were platagwan irregular surface produced by hydrogen
reduction [137]. In this case the plate width wasable between 40 and 2 and the thickness
between 10 and 50m with a broad distribution: the most part of thatgs were 10Qum large and

20 um tick.

From a general point view these data are relatiirelgyood agreement with the datasheet of the

suppliers.
4.2 Cu and Fe powders base composites (injection mo  ulding)

4.2.1 Extruder

Figure 4.3 shows the torque as a function of ther fcontent for all the type of composites during
the extrusion process. The applied torque, than irst approximation proportional to the melt
viscosity, increased with the filler content: ialty, i.e. at low filler content, with a linear tréd and

then, i.e. at high filler content, with an exponaitrend. No difference was advisable between the
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composites filled with particles of different dingon. Moreover it is appropriate to observe as the
standard deviation of the measured torque increastidthe filler content: as the filler content
increased as the homogeneity of the compositesmaas difficult because the large difference
between the densities of the polymer (0.954 §fonHDPEO9 and 0.919 g/chfior LDPE70) and
the density of the filler (8.96 g/chfor Cu and 7.87 g/cirfor Fe).

100 1 1 1 1 1 1 30 1 1 1 1 1
. -
807 A1 T 80 L
4 ,f/ 1
T 60- - L =
% ///% % 40 P L
[ i
& 40+ o r z 2
L2 s i) ré
| %t A 204 A -
20{ P - ¥
e
0 T T ‘ T 0 T T T
0 5 10 15 20 25 30 0 10 20 30 40 50
Cu content [vol%] (a) Cu content [vol%)] (b)
50 1 1 1 1 1
50
40 -
E
= 304
[«
g
= P4
8 20- i I
T = -
. e e |
g
104 g0 -
0 T T T
0 il 10 15 20 25 30
Fe content [vol%] (C)

Figure 4.3. Torque as a function of the filler corgnt for: (a) HDPE25-Cul0 ©) and HDPE25-Cu45 @)
composites; (b) LDPE70-Cu45 composites; and (¢) LIB¥0-Fel5 O) and LDPE70-Fe45 @) composites.

4.2.2 SEM

Samples of the produced composite materials weyefractured in liquid nitrogen and then
observed at SEM in order to evaluate the interadtietween the polymeric matrix and the metallic
particles. Figure 4.4 shows some examples of tlggiised micrographs for HDPE25-Cul0 and
HDPEZ25-Cu45 composites. In both the case therenwaasvident interaction between the polymer
and the inorganic filler [138]: the filler particleurfaces were completely smooth and the cavity

(where a particle was present before the cryofratnere completely smooth too.
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Figure 4.4. SEM micrographs of the fractured surfae of HDPE25-Cul0 (a) and HDPE25-Cu45 composites (b)

Figure 4.5 shows some examples of the acquiredogriaphs for LDPE70-Fel5 and LDPE70-Fe45
composites. In both the case there was evidenaegobd interaction between the polymer and the
inorganic filler [138]: the irregularity on the lgr particle surfaces Figure 4.2 were covered ley th

polymer even after the fracture in the liquid niteo.

LDPE16 320x

Figure 4.5. SEM micrographs of the fractured surfae of LDPE70-Fel5 and LDPE70-Fe45 composites.

4.2.3 DSC

The DSC analyses were conducted only on the bdgetpglene matrices, HDPE and LDPE, and
on the composites filled with 10 vol% of metalliovpders, Cu and Fe, in order to evaluate the
effect of the filler addition from a general powftview. The curves maintained the original shape
of the curves of HDPE and LDPE: a broad exotheipe@k related to the crystallization during the
cooling stage and a broad endothermic peak retatdie melting during the heating stage (Figure
4.6, Figure 4.7 and Figure 4.8).
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Figure 4.6. DSC curves of HDPE25[{ ), HDPE25-Cul0 10vol% [ and HDPE25-Cu45 10vol% (---) for the

cooling stage (a) and the heating stage (b).
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Figure 4.7. DSC curves of LDPE70[] ) and LDPE70-Cu45 10vol% (---) for the cooling stag (a) and the heating

stage (b).
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Figure 4.8. DSC curves of LDPE70[ ), LDPE70-Fel5 10vol% [ and LDPE70-Fe45 10vol% (---) for the

cooling stage (a) and the heating stage (b).
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The results of these analyses are showed in Tableht data deal with the crystallization during
the cooling stage and with the melting during tleating stage. The most evident effect was the
nucleating effect of all the fillers: the crystally (from 2 to 4%), the onset and the peak
temperatures of the crystallization (about 2°C) etvo higher values. On the other hand the

melting temperature remained unchanged.

Table 4.1. Results of the analysis of the DSC cursecrystallinity (X), melting (T,,) and crystallization (T,)

temperature, onset (Tpn) and endset (Enp) temperatures.

Crystallization — Cooling (2" scan) Melting — Heating (%' scan)
Material X Te Ton Tenp X T Ton Tenp

wt%] | [°C] [°C] [°Cl | wt%] | [°C] [°C] [°C]
HDPE25 83.5 113.3 117.6 99.0 84.2 130.6 121.3 14p.2

HDPE25-Cul0 10 vol% 86.8 116.§ 118. 102,6 869 .A3p 122.6 139.4

(]

HDPE25-Cu45 10 vol% 88.7 116.4 119. 10141 8716  .331 121.0 141.4

[*2)

LDPE 87.9 88.2 91.8 75.8 87.2 1053 93.1 112.6

LDPE70-Cu45 10 vol% 94.9 91.7 95.9 78.4 913 105.393.6 112.2

\°L4

LDPE70-Fel5 10 vol% 91.1 90.8 94.5 80. 91, 10%.394.4 1115

-~

N

LDPE70-Fe45 10 vol% 92.2 90.1 93.§ 80. 91)5 105.294.4 111.3

4.2.4 Tensile tests

The first observation about the tensile test onpfeeluced composites was the different yielding
phenomena. All the materials had a sharp yieldhe stress-strain curves, but HDPE based
composites had necking and whitened, while LDPEéasomposites had only necking and no
whitening.

From Figure 4.9 to Figure 4.11 examples of stréssnascurves of all the composites (HDPE25-
CulO, HDPE25-Cu45, LDPE70-Cu45, LDPE70-Fel5 and ETiIRFe45) at different filler content
are showed. Moreover the figures from Figure 4d.Eigure 4.20 propose elastic modulus, stress
and strain at yielding and at break for all the posites as a function of the filler content.
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Figure 4.9. Examples of stress-strain curves of HIE25-Cul0 (a) and HDPE25-Cu45 (b) composites at hidiler

content (thick line) in comparison to HDPE25 (thinline).
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Figure 4.10. Examples of stress-strain curves of LEE70-Cu45 composites at high filler content (thickine) in

comparison to LDPE7O (thin line).
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Figure 4.11. Examples of stress-strain curves of LIPE70-Fel5 (a) and LDPE70-Fe45 (b) composites at hifjller

content (thick line) in comparison to LDPE70 (thinline).

55



4 — Results on copper- and iron-powder-based composite

goo 1 1 1 1 1 1
5 800 4 ) I L
9 r/ L8 I
ERCE RS i S L
2 U
: %? i
% e004 L L
[5) L

500 4+— . T u

Cu content [vol%]

Figure 4.12. Elastic modulus as a function of theller content for HDPE25-Cul0 (©) and HDPE25-Cu45 @)
composites.
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Figure 4.13. Yielding stress (a) and strain (b) aa function of the filler content for HDPE25-Cul0 ©) and
HDPE25-Cu45 @) composites.
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Figure 4.15. Elastic modulus as a function of thellier content for LDPE70-Cu45 composites.
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Figure 4.18. Elastic modulus as a function of theiller content for the filler content for LDPE70-Fel5 (O) and
LDPE70-Fe45 @) composites.
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Figure 4.19. Yielding stress (a) and strain (b) as function of the filler content for LDPE70-Fel5 Q) and
LDPE70-Fe45 @) composites.
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Figure 4.20. Stress (a) and strain at break (b) aa function of the filler content for LDPE70-Fel5 Q) and
LDPE70-Fe45 @) composites.
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4 — Results on copper- and iron-powder-based composite

The evaluation of the effect of the filler type atwhtent can be made with the help of the stress-
strain curves or similarly with the help of the wes of the mechanical parameters. The main
feature of the different composites can be sumradnz the following topics:

» for all both HDPE25-Cu composites the elastic moduhcreased until a filler content of 10
vol%. The following decrease is related to agglatien phenomena [25]. The stress and the
strain at yielding progressively decreased. Thesstat break remained constant until a filler
content of 5-10 vol% and then increased, while dtrain at break decreased sharply from
1200% to 50% at a filler content of 5 vol% and tmemained between 20% and 30% until a
filler content of 30 vol%. No evident difference svaresent between HDPE25-Cul0 and
HDPE25-Cu45 composites except the stress at bneziktbe filler content of 5 vol%: in this
case the Cu45 powder appeared to reduces the pespafrthe composites;

» for LDPE70-Cu45 composites the elastic moduluseiased continuously until a filler content
of 30 vol%, while the stress at yielding and thesg at break decreased slightly. The strain at
yielding and the strain at break continuously daseel. Moreover two slope for both the strain
at yielding;

« for LDPE70-Fe composites the elastic modulus, thess at yielding and the stress at break
increased continuously until a filler content of 8%, while the strain at yielding and the
strain at break continuously decreased. Moreoverdlepe for both the strain at yielding and
the strain at break are detectable: the first lsaceterence strain the region at 7-10% and the
second 1-2%. No evident difference between LDPE¥TBFand LDPE70-Fe45 composites
was present: the properties at yielding and atkboéd DPE70-Fe45 composites were lower
than the ones of LDPE70-Fel5 composites but therdiice was lower than the experimental

errors.

4.2.5 DMTA

From Figure 4.21 to Figure 4.29 the DMTA curveslbthe composites (HDPE25-Cul0, HDPE25-
Cu45, LDPE70-Cu45, LDPE70-Fel5 and LDPE70-Fe45)shmved: these tests were conducted
only on the base polyethylene matrices, HDPE an®EDand on the composites filled with 10

vol% of metallic powders, Cu and Fe, in order talaate the effect of the filler addition from a

general point of view.
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Figure 4.21. Storage modulus as a function of theemperature for HDPE25 @), HDPE25-Cul0 10 vol% )
and HDPE25-Cu45 10 vol% A).
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Figure 4.22. Dissipative modulus as a function ohe temperature for HDPE25 @), HDPE25-Cul0 10 vol% )
and HDPE25-Cu45 10 vol% A).
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Figure 4.23. Loss factor as a function of the tempature for HDPE25 (@), HDPE25-Cul0 10vol% {¥) and
HDPE25-Cu45 10vol% ().
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Figure 4.24. Storage modulus as a function of themperature for LDPE70 (@) and LDPE70-Cu45 10 vol% A).
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Figure 4.26. Loss factor as a function of the tempature for LDPE70 (@) and LDPE70-Cu45 10 vol% A).
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Figure 4.27. Storage modulus as a function of themperature for LDPE70 (@), LDPE70-Fel5 10 vol% ¥/) and
LDPE70-Fe45 10 vol% A).
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Figure 4.28. Dissipative modulus as a function ohe temperature for LDPE70 @), LDPE70-Fel5 10 vol% V)
and LDPE70-Fe45 10 vol% /).
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Figure 4.29. Loss factor as a function of the tempature for LDPE70 (@), LDPE70-Fel5 10 vol% ¥) and
LDPE70-Fe45 10 vol% A).
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4 — Results on copper- and iron-powder-based composite

From a general point of view HDPE based compogtesented two sharp drops of the storage
modulus that corresponded to two peaks in terndissipative modulus and loss factor. The first
phenomenon at low temperature (at about -100°C) nekated to glass transitiory-felaxation),
while the second at high temperature (at about p@f@hea-relaxation. It is appropriate to observe
that the loss factor increased without a peak kmx#ue increased mobility of the polymer chains
when the polyethylene approached the melting: ma@edhe a-relaxation was evident as a
shoulder in the loss factor curves. On the otherdha the case of LDPE based composites the
dissipative modulus and the loss factor evidenbe@irelaxation too: moreover tree-relaxations
was a peak as loss factor and a shoulder as dissipaodulus, while th@-relaxations vice versa,
i.e. a peak as dissipative modulus and a shoulsldoss factor. Table 4.2 shows the relaxation

temperatures for all the test materials.

Table 4.2. Relaxation temperatures calculated frorDMTA test.

Material Tv(T9 Te Ta
[°C] [°C] [°C]
HDPE25 -98.0 - 47.5
HDPE25-Cul0 10 vol% -98.7 - 56.7
HDPE25-Cu45 10 vol% -98.2 - 57.6
LDPE70 -111.4 -15.1 37.8

LDPE70-Cu45 10 vol% -110.5 -12.4 41.7

LDPE70-Fel5 10 vol% -109.5 -8.7 51.1

LDPE70-Fe45 10 vol% -110.2 -9.5 32.9

In the case of HDPE25-Cu composites yhelaxation temperature remained constant at about
100°C, while the peak intensity of the loss factiscreased of about 25% for all both the
composites. The literature reports the peak intgr@creases following a linear relationship with
the filler volume fraction in the case of low fitlpolymer interaction [25].0n the other hand the
relaxation moved up from 47°C for HDPE25 to 57°CLH3C) for all both the composites.
Moreover it is opportune to observe that the stemrag@dulus was very similar for all the materials.
In the case of LDPE70-Cu45 composites the storaggutus increased of about 10% over all the
temperature range. Therelaxation temperature remained constant at aldLit°C: similarly the
peak intensity of the loss factor remained condiantDPE70 and LDPE70-Cu45 composites. On
the other hand thB-relaxation moved up from -15°C for LDPE70 to 124 the composites and
similarly thea-relaxation from 38°C for LDPE70 to 42°C for thengoosites with a reduction in all
both the case of the intensity of the loss factdno(t 7%). It is opportune to observe that in the
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4 — Results on copper- and iron-powder-based composite

second case is a reduction of the peak intensitlgeofoss factor but not in the first one becabsge t
loss factor had only a shoulder.

In the case of LDPE70-Fe composites the storageulmsdncreased of about 10% over all the
temperature range for all both the metallic powd&hey-relaxation temperature remained constant
at about -111°C and similarly the peak intensitytte# loss factor for LDPE70 and LDPE70-Fe
composites. On the other hand fheelaxation moved up from -15°C for LDPE70 to 12U€ all
both the composites with a reduction of the comesing loss factor intensity (that in this case had
a shoulder and not a peak). Moreover the decreaseoWl15% in presence of Fe45 and of 22% in
presence of Fe45. The effect of the Fe powdersma@e complicated on the-relaxation: in the
case of LDPE70-Fe45 composites the peak temperahiited from 38°C for LDPE70 to 33°C
with a reduction of the intensity of the loss factabout 10%), while the peak temperature moved
up from 38°C to 51°C and the peak intensity ofltdss factor remained unchanged. 5

4.3 HDPE25-Cu composites (compression moulding)

43.1 TGA

Figure 4.30 shows the TGA and DTGA curves in teapge range where the degradation
phenomena were more intense: Table 4.3 summatieesharacteristic parameters of these curves.
The data evidenced no change for HDPE25-Cul0 andE2B-Cu45 composites in comparison to
HDPE25 matrix. Moreover it is appropriate to obsgetivat the residual fraction (about 10wt%) for

the composites was in good agreement (by taking astount HDPE and Cu densities) with the
filler fraction of 1vol%.

weight [wt%]
derivative [wt%°C]

T T T ‘ T T T ‘
420 440 480 480 500 520 420 440 480 480 500 520
temperature [°C] (a) temperature [°C] (b)

Figure 4.30. TGA (a) and DTGA (b) curves of HDPE250O ), HDPE25-Cul0 (I and HDPE25-Cu45 (---)
composites.
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4 — Results on copper- and iron-powder-based composite

Table 4.3. Results of the analysis of the TGA and A curves: onset (Ton), peak (Teeak) and endset (Enp)

temperatures of the degradation and the residual fiction.

. Ton Teeak Tenp Residual
Material
[°C] [°C] [°C] [wt%]
HDPE25 461.5 485.3 495.2 0.0
HDPE25-Cul0 1vol% 460.6 485.( 495.p 10.0
HDPE25-Cu45 1vol% 463.0 484.3 495.4 9.3

4.3.2 DSC

The DSC curves are showed in Figure 4.31: in tist fiase the crystallization during the cooling

stage and in the second one the melting durindgp¢la¢ing stage. In addition Table 4.4 contains the

data elaborated from these DSC curves. In botltdlse the crystallinity did not change, while the

peak temperatures during the crystallization aredrtielting were shifted for HDPE25-Cul0 and

HDPE25-Cu45 composites in comparison to HDPE. I ¢hse of the crystallization the peak

temperatures increased of about 2°C even if thetdamperature did not change; on the other hand

the peak temperature of the melting phenomena asedeof about 2°C.
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Figure 4.31. DSC curves of the crystallization phesmena during the cooling stage (a) and the heatirgfage (b)
for HDPE25 (O ), HDPE25-Cul0 [y and HDPE25-Cu45 (---) composites.
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4 — Results on copper- and iron-powder-based composite

Table 4.4. Results of the analysis of the DSC cursecrystallinity (X), melting (T,,) and crystallization (T,)

temperature, onset (Tpn) and endset (Enp) temperatures.

Crystallization — Cooling (2" scan) Melting — Heating (%' scan)
Material X Te Ton Tenp X Tm Ton Tenp

wit%] | [°C] [°C] [°Cl | wt%] | [°C] [°C] [°C]
HDPE25 74.0 120.6 122.3 105.2 72.2 1322 124.0 5143.
HDPE25-Cul0 1vol% 73.9 122.2 122.3 105{5 72|16 130.6124.0 143.5
HDPE25-Cu45 1vol% 70.6 123.2 122.6 105{1 712 130.2124.5 143.1

4.3.3 Tensile tests

The most relevant result of the tensile tests weeeeffect of production process on HDPEQ9: the

high ductility of HDPE25 dropped down in comparistmn the samples produced by injection

molding (see for comparison Figure 4.9 and Figurd2y4 HDPE25 sample produced by

compression moulding had a strain to break of a8ly%.

Regarding the filler addition, Table 4.5 summaries mechanical properties of composites: the

observed deviations were limited in the experimeptaors. In this way all the properties of
HDPE25-Cul0 and HDPE25-Cu45 composites did notgdnancomparison to HDPE.

stress [MPa]
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Figure 4.32. Example of the stress-strain curves ¢{DPE25.
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4 — Results on copper- and iron-powder-based composite

Table 4.5. Mechanical properties of the HDPE25-Cu amposites: elastic modulus (E), stress and straint a

yielding (oy and &y) and at break (Or and €r).

. E Oy gy Or R
Material
[MPa] [MPa] [%] [MPa] [%]
HDPE25 795 29.1 9.6 25.0 13.7
HDPE25-Cul0 1vol% 844 29.5 10.0 28.6 13.2
HDPE25-Cu45 1vol% 829 28.4 8.2 28.4 8.3
4.3.4 DMTA

The results of the DMTA tests are showed in Figdr@3, Figure 4.34 and Figure 4.35. The
materials presented two sharp drops of the staraggiulus that corresponded to two peaks in terms
of dissipative modulus and loss factor. In paracuhe first phenomenon at low temperature was
related to glass transitioy-felaxation) that is -102.7°C for HDPE25: no megfuh change was
observed for HDPE25-Cul0 (102.2°C) and HDPE25-C(i4®.5°C) composites. Moreover the
intensity of the loss factor peak was only slightigluced. On the other hand the phenomenon at
higher temperatures was tberelaxation: in this case the peak temperatureguaem 41.0°C for
HDPE25 to 48.8°C for HDPE25-Cul0 composites and3@°C for HDPE25-Cu45 composites.
Even if the dissipative modulus increased in cquoeslence of the-relaxation, a small reduction

of loss factor was advisable.
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Figure 4.33. Storage modulus as a function of theemperature for HDPE25 @), HDPE25-Cul0 ) and
HDPE25-Cu45 (A) composites.
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Figure 4.34. Dissipative modulus as a function othe temperature for HDPE25 @), HDPE25-Cul0 ¥) and
HDPE25-Cu45 (A) composites.
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Figure 4.35. Loss factor as a function of the tempature for HDPE25 (@), HDPE25-Cul0 V) and HDPE25-
Cu45 (A) composites. The inset shows a detail of the cusvat low temperatures.

4.3.5 Tensile creep tests

From a general point of view the addition of bdtke topper powders, Cul0 and Cu45, resulted to
substantially increase the creep resistance of HDREix. This effect is detectable in the linear
viscoelastic region (i.e. at low stresses or tewrupees), and it becomes more and more evident in
the non-linear viscoelastic or viscoplastic regjpa. at high stresses or temperatures). Examples o
this behaviour are proposed in Figure 4.36 andiguré 4.37 where creep compliance and creep
compliance rate of HDPE25-Cu composites at 30°Ca&i€ are showed. Moreover it is possible
to observe as the effect of filler addition diffetiated only at high stress: at low stress levelttno
copper powders, Cul0 and Cu45, acted on HDPE25 goeeperties by reducing the creep
compliance in the same way. Only when the temperatwas 60°C and the applied stress 10 MPa,
a sharp difference appeared: in particular the GondGced an increase of the creep life of 37%,
while Cul0 of 300%.

68



4 — Results on copper- and iron-powder-based composite

4 1 1 1 12 1 1 ! 1 1 1 1
R 10 AL
M,._..-m“" 1l st
"o "o r
o o
o) )
8 i 8 i
oy o
o ]
- S i
£ £
Q 14 5 Q
(5] [5]
05 T T T 0 T T T T T T
1000 2000 3000 4000 0 250 500 750 1000 1250 1500 1750
time [s] (a) time [s] (b)
10'2*I 1 1 101 1 1 L 1 i 1 1 1
j“’ f.-,f: = .
s ‘o =
o 2 [l 3
o : ! o
a4 a4
i i
@ @
Q Q
c o =
pl pl E
=1 =1
= =
(=] (=]
< E < N
T T T T 10% - T : T T - .
0 1000 2000 3000 4000 0 250 500 750 1000 1250 1500 1750
time [s] (C) time [s]

(d)

Figure 4.36. Creep compliace at 30°C (a, ¢) and @p compliance rate (b, d) as a function of time é80°C with a
stress of 3 MPa (a, b) and 15 MPa (c, d) for HDPE2%®), HDPE25-Cul0 V) and HDPE25-Cu45 )

composites.
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Figure 4.37. Creep compliace at 60°C (a, ¢) and @p compliance rate (b, d) as a function of time é80°C with a
stress of 3 MPa (a, b) and 10 MPa (c, d) for HDPE2%®), HDPE25-Cul0 V) and HDPE25-Cu45 )

composites.

Figure 4.38 shows the isochronous creep stress-straves at 30°C and 60°C for the tested
materials. It is evident as the increased temperatteduced the creep resistance of both the tested

materials and mainly as the creep resistance isedetor HDPE25-Cu composites comparison to
HDPEZ25 especially when the applied stress increases
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Figure 4.38. The isochronous creep stress-strainrf(iDPE25 (@), HDPE25-Cul0 ) and HDPE25-Cu45 A)
composites at 30°C and 60°C.

Figure 4.39 proposes the isochronous creep congelianrves at 2000 s and the related elastic and
viscoelastic components. While the elastic comptmare the same for HDPE25 and for HDPE25-
Cu composites, the viscoelastic components areplshdifferent. In particular the viscoelastic

components of the compliance is reduced by abdut fbt HDPE25-Cu composites in comparison
to HDPE25 over 60°C.
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Figure 4.39. Isochronous compliance (a) and elastand viscoelastic components of the isochronous cphance
(b) at 2,000 s for HDPE25 @), HDPE25-Cul0 ) and HDPE25-Cu45 (A) composites at 30°C and 60°C.

On the basis of a time-temperature superpositiorcipte, short term creep performed in the linear-
viscoelastic region (with an applied stress of 3aylBllowed to obtain creep compliance master
curves for long term creep (Figure 4.40). Over é¢lxéended time period covered by the master

curves, the creep compliance is reduced by abdxt & average, for all both the composites.

71



4 — Results on copper- and iron-powder-based composite

compliance [GPa
o]
1

10 10° 10 10
reduced time [s]

Figure 4.40. Creep compliance master curves obtaideat 3 MPa and referred at 30°C for HDPE25 @),
HDPE25-Cul0 V) and HDPE25-Cu45 (A) composites.

Moreover the shift factor (Figure 4.41) calculatexin the short term creep test to obtain the master
curves as a function of the temperature was fittgld an Arrhenius law. In this way an activation
energy for the relaxation phenomenon was determihedvalues increased from (242%) kJ/kmol

for HDPE25 to (20F13) kJ/kmol for HDPE25-Cul0 composites and to A1) kJ/kmol for
HDPE25-Cu45 composites.
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Figure 4.41. Shift factor as a function of the invise of the absolute temperature for HDPE25@), HDPE25-Cul0
(V) and HDPE25-Cu45 (A) composites.

The master curve data were used to calculate gepartompliance rate over the full time range.
Figure 4.42 shows as HDPE25 and HDPE25-Cu comsds#e practically the same behaviour: the
results are in agreement with the results at lo@sses in linear viscoelastic region (as for exampl

in Figure 4.36 and Figure 4.37). Moreover it wasgdole to fit the data with a power law which has

the expressiomD/dt = 0150 °*° where the compliance is expresse@iPd’ and the time irs.
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Figure 4.42. Creep compliance rate as a function afme in a log-log scale for HDPE25@), HDPE25-Cul0 V)
and HDPE25-Cu45 (A) composites.

The master curve data were also used to calcuiateetardation spectra over the full time range
available: Figure 4.43 shows as the Cu additioruged the spectrum intensity of HDPE25 by

shifting apparently to higher retardation times.
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Figure 4.43. Retardation spectra as a function ofie retardation time for HDPE25 (@), HDPE25-Cul0 ) and
HDPE25-Cu45 (A) composites.
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5 Results on carbon-black-based composites (CB)

This chapter is dedicated to the CB based compodite paragraph 5.1 deals with HDPEQO9-CB
composites with a filler content of 1 vol% extrudep to 3 times (HDPEQ9, HDPEQ9-CB226 1
vol% and HDPEQ9-CB1353 1 vol%), while the paragraghwith HDPE09-CB composites with a
filler content of 1 vol% extruded 2 times (HDPEGIDPEO9-CB105 0.5 vol%, HDPEO9-CB226
0.5 vol%, HDPEQ09-CB802 0.5 vol% and HDPEQ09-CB133 Wl%). In the following chapters
the composites could be indicated without therfidlentent (e.g. HDPE09-CB226) where there is

no problem of misunderstanding.

5.1 HDPEQ09-CB 1 vol% composites

5.1.1 Extruder

Table 5.1 shows the torque, the die pressure amdetinperature of the melt during in the twin
screw extruder during the production of HDPEQ9-@Bposites. The presence of the filler induced
a decrease: this effect is bigger in the case efGB with the lower specific surface area, i.e
CB226. In literature [139, 140] this behaviour wasrelated with the lubricating effect of the CB at

low filler. On the contrary the other parameteid ot change.

5.1.2 OM

The observation of thin sections of the composigemals with an optical microscope was used to
control the extent of filler agglomerates. The mgraphs of Figure 5.1 evidenced an increasing
degree of dispersion of the filler in the polymematrix through repeated extrusions: moreover the
dispersion appeared more easy in the case of thavi@Bthe lower specific surface area, i.e.
CB226.

5.1.3 TEM
The observation of ultrathin sections of the conpa®materials with a TEM was used to assess the

filler agglomeration in the polymeric matrix at tsame dimension scale of the nanometric filler
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particles. The micrographs of Figure 5.2 evidenagdnultiple extrusions increased the degree of

dispersion of the: the filler agglomerated brokewapeach the basic CB aggregates.

Table 5.1. Torque (M), die pressure (p) and melt taperature along the barrel (T) during the composites

production with the twin screw extruder for HDPEQ9-CB composites at different numbers of extrusion (Bx.).

Material Extr. M i T T2 Ts
[Nm] | [bar] [°C] [°C] [°C]
HDPEO9 1 89.9 18.4 212.8 227.3 2375
79.5 18.5 212.4 226.6 236.7
3 87.7 20.1 213.0 225.6 236.2
HDPE09-CB226 1 vol% 1 74.5 17.6 212.p 226(6 236.4
71.6 18.2 212.0 226.4 236.1
3 70.9 15.8 212.0 226.9 237.2
HDPE09-CB1353 1 vol% 1 86.3 17.4 2126 226,1 236.0
2 80.1 17.5 213.1 225.9 236.1
3 81.6 18.3 212.5 226.] 235.9
Extrusion 1x 2x 3x

HDPE(9-CB226

HDPE09-CB1353

Figure 5.1. OM micrographs of thin sections of HDPHE9-CB composites at different extrusions.

5.1.4 DSC

Figure 5.3 shows the DSC curves of HDPEO9 powddrHIDPEQ9 extruded 1 time as examples,
while Table 2.1 contains the data elaborated frbese DSC curves. While no evident effect was
present between HDPEO9 and HDPEQ9-CB compositesofity difference occurred between
HDPEQ9 powder and HDPEO9 extruded. As evidencefigure 5.2 the shape of the curves

changed, the crystallinity decreased (about 7%) @mdhe other hand the melting temperature
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increased (about 2°C): this fact is probably relate degradation phenomena that taken place

during the extrusion.

515 TGA

Figure 5.4 shows an example of TGA and DTGA curyles:main degradation occurred between
440°C and 500°C as a single phenomenon as confibp&IT GA curves. Figure 5.4 proposes the
reference temperature of the degradation too: fageneral point of view the number of extrusion
did induced any change, while the CB increasedsthbility of the composites. The effect was
more intense in the case of CB1353 (about 6°Chmpgarison to CB226 (about 3°C).

CB226 HDPE09-CB226 1vol%, 1x HDPEQ09-CB1353 1vol %, 2x

heating flow [W/g]
heating flow [W/g]

0 T T T T -4 T T T T T T
130 120 110 100 90 80 90 100 110 120 130 140 150 160

temperature [°C] (a) temperature [°C] (b)

Figure 5.3. DSC curves of the crystallization phemoena during the cooling stage (a) and the heatingage (b) for
HDPEOQ9 powder () and HDPEQ9 extruded 1 time [l
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Table 5.2. Results of the analysis of the DSC cursrecrystallinity (X), melting (T,) and crystallization (T,)

temperature, onset (Tpn) and endset (Enp) temperatures.

Crystallization — Cooling (2" scan) Melting — Heating (&' scan)
Material Extr. X Te Ton Teno X T Ton Teno
[wt%] [°C] [°C] [°Cl | [wt%] [°C] [°C] [°C]
HDPEOQO9 powder| 81.0 119.4 121.6 108|3 81|3 134.6 .0126 142.8
HDPEQ9 1 74.4 118.1 121.1 102.8 74.4 136.7 126.2 7.314
2 74.4 116.6 121.8 102.1 73.9 1365 124.8 147.3
3 73.3 116.8 122.9 100.9 73.3 136(4 124.2 147 .5
HDPEQ9-CB226 1 vol% 1 73.8 116.4 12116 102.8 73.4 37.4 125.1 147.4
2 74.9 117.1 122.0 103.6 74.1] 1365 125.2 146.8
3 74.0 117.5 122.5 103.1 73.7 1360 124.9 147.1
HDPE09-CB1353 1 vol% 1 73.9 114.8 1216 100.5 73.3139.8 124.2 150.3
2 73.7 117.5 122.1 103.9 73.1 136(3 125.3 146.7
3 73.7 116.7 121.9 103.5 73.4 1372 125.1 14y.2
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Figure 5.4. Example of TGA and DTGA curves for HDPB9 extruded 1 time (a) and the results of the anadys of

these curves for all the HDPE09-CB composites adenction of the number of extrusions: onset (b), p&k (c) and

endset (d) temperatures of the degradation.
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5.1.6 GPC
Figure 5.5 shows the molecular weight distributidWD) of HDPEQ9 at different number of
extrusions: as the number of extrusion increasedvildth of the MWD decreased and in particular

the lower and upper tail lost intensity.
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Figure 5.5. Molecular weight distribution of HDPEQ9(a) with evidenced the details at upper and lowetails (b)
and around the peak (c): powder Q), extruded 1 @), 2 (V) and 3 times A).

Figure 5.6 shows the number average molecular wéidt), the weight average molecular weight
(My)and the index of polydispersityR) as a function of the number of extrusions: thendss
evidenced the decrease of the polymer chain wéadut 15% from the powder to the material

extruded 3 time) and the narrowing of the MWD.
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Figure 5.6. Number average molecular weight (a), vight average molecular weight (b) and index of

polydispersity (c) as a function of the number of drusions for HDPEO9.

The polymer degradation was analyzed by using tencscission distribution function (CSDF)

approach [141, 142]. This function compares two MWD calculating the number of chain

scissions for all the molecular weights of theiaiMWD to obtain the final MWD. Moreover the

value of the CSDF represents the logarithm of nunobbehain scission occurred to a chain with a

given initial molecular weight. Figure 5.7 shows BSDF for every extrusion step: from powder to
the material extruded 1 time and so on. More tlmenariginal MWDs, the CSDFs evidenced the
details of the degradation phenomena: the maircteffiethe degradation induced by the extrusion

process taken place during the first extrusiontaed the phenomenon progressively lost intensity.

Moreover the degradation affected with more intigntdie lower molecular weight and the higher

molecular weight. This behaviour induced the reiducof the IP and in particular the breaking of

the longer chains caused the reduction of the weigbrage molecular weight.
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Figure 5.7. CSDF of HDPEOQ9 for the 3 extrusion pragsses: from powder to the materials extruded 1 timé®),
from 1 to 2 times (V) and from 2 to 3 times A).

5.1.7 MFI

Figure 5.8 shows the MFI as a function of the nundfeextrusions for HDPE0O9 and HDPEQ9-CB
composites. The MFI of HDPEQ9 progressively de@damss the number of extrusions increased,
while the MFI remained almost constant in the ce#4¢DPEQ09-CB composites.
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Figure 5.8. MFI as a function of the number of extusions for HDPEO9 @), HDPE09-CB226 1 vol% §/) and
HDPE09-CB1353 1 vol% A).

5.1.8 Rheology

Figure 5.9 shows the complex shear viscosity asnation of the shear rate for all the materials.
The main effect was the progressive increasing DIPBO9 after every extrusion, while the
viscosity of the HDPEQO9-CB composites decreasedamparison to HDPEQO9. No significant
difference was presence between HDPEQ09-CB226 arfdB9B-CB1353 composites. Moreover all
the materials had a pseudoplastic behaviour anduhees tended to superimpose each other. This

results was in agreement with the MFI data.
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Figure 5.9. Complex shear viscosity as a functionf ahe shear rate for HDPEO9 powderQ), HDPEO9 @),
HDPEQ09-CB226 1 vol% (A) and HDPEO9-CB1353 1 vol% /) extruded 1 (a), 2 (b) and 3 time (c).

519 IR

Figure 5.10 shows some examples of the infraredtisgppacquired for the tested materials. From a
general point of view the characteristic peaks af/gthylene were evident: - stretching (2916
and 2855 crl), C-H bending (1492 and 1466 &nand—(CH,),— rocking (749 and 723 ch.
Moreover the slope of the spectra of HDPE09-CB ausitps was related with the presence of
nanometric particles in the polymeric matrix thedtsered the light.

The spectra evidenced the presence of a carbooypgt 1720 cifi for all the materials, even for
the base HDPEQ9 powder. The oxidation of the maewas investigated by observing the C=0
peak at 1720 cthand by normalizing the absorbance intensity toitkensity of the peaks a 1300
and 720 crit which are related to skeletal-C vibrations of the polyethylene chains. The result
are presented in Figure 5.11. The main oxidatios iduced on HDPEQ9 after the first extrusion,
while then the intensity remained almost constitdreover the intensity increased for HDPEQ9-
CB composites without any change with the numbeextfusions: in particular the phenomenon
was more intense in presence of CB1353.
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Figure 5.10. Examples of IR spectra in terms of alosbance (a) and transmittance (b) for HDPE09, HDPE®-
CB226 1 vol% and HDPEQ09-CB1353 1 vol% extruded 3 ies (from the bottom to the top in the case of the

absorbance spectra and vice versa in the case ogttransmittance).

DT 1 1 1 L 006 1 L 1 i 1 L L
R S S L S .
= e = e
£ 051 +// i g 0.04 4 /// L
5 § 0.034 -
E 034 L £
& =
® T 0.02- L
a 0.2+ - aQ
o
2 s
® 01 L &® 0014 i
@ i
0.0 T T T T 0.00 T T T T
0 1 2 3 0 1 2 3
number of estrusion (a) number of estrusion (b)
12 1 1 1 L DT 1 1 1 L
¢ 064 - ras A& L
g2 1.0+ L 3
@ _R
= =
8 S 05 L
_~0.84 L F
2 ;" B £ S— Ve v i
7] w
£ 06 — ¢ - <
g 3 =4 g
c el £ 034 -
x o x
3 044 * - 3
a a 0.2+ o
2 2
£ 021 i g 0.1 -
= - — ——® © o
0.0 T T T T 0.0 T T T T
0 1 2 3 0 1 2 3
number of estrusion (C) number of estrusion (d)

Figure 5.11. The relative intensity of the C=0 peakl720 cnt), respect to the peak at 1300 (a, c) and 720 ¢rtb,
d) as a function of the number of extrusions for HIPEO9 @), HDPE09-CB226 1 vol% ) and HDPEO9-
CB1353 1 vol% (A).

83



5 - Results on carbon-black-based composites (CB)

The spectra evidenced the peak at 1378 tmat is characteristic of the methyl group, ite ends

of the main chains or branching. The intensityhod peak was normalized with the intensity of the
peak at 1300 cththat is related to the skeletat-C vibrations. Figure 5.12 show the trends for all
the materials as a function of the number of extinss While HDPEO09-CB composites were not
influenced, HDPEQ9 was characterized by a ratio deareased after the first extrusion and then

remained almost constant.

165 17
g . ®
& 1.604 & %_ *_7_7—0
¥ I by '
= 1554 J e - + = 4
= e B =
@ y———— O 2 4 34
o 2
- =
= 1.50 + e 12l
5 g
o . 14
2 45 2 X S X
© D
® ® 7
1.40 0.9 T
0 1 2 3 0 1 2 3
number of estrusion (a) number of estrusion (b)

Figure 5.12. The relative intensity of the-CHj; peak (1378 crif), respect to the peak at 1300 cim(b, d) as a
function of the number of extrusions for HDPEO9 @), HDPE09-CB226 1 vol% V) and HDPEO9-CB1353 1
vol% (A).

5.1.10 Tensile tests

Examples of the stress-strain curves are showé&dgure 5.13, while Figure 5.14, Figure 5.15 and
Figure 5.16 present the results of the analyseélase curves (elastic modulus, stress and strain at
yield and break). HDPEQ9 evidenced a very highitityctafter the sharp yielding the material had
a long plastic plateau until to reach a strain Bamly behaviour and the break over a strain of
2000%. While HDPE maintained the high ductilityeaf8 extrusions, the yielding stress decreased
of 1 MPa: this fact was probably related to therddgtion induced by the multiple extrusions. On
the other hand the filler addition had two maireetf the increase of the yielding stress (1 MPa for
HDPEQ09-CB226 and 2 MPa for HDPE-CB1353) and mathly sharp decrease of the strain at
break. This effect was more evident in the casélDPE09-CB1353 composites. Moreover the
multiple extrusions induced an increase for HDPEB226 composites, while no change for
HDPEQ09-CB1353 composites. With regard to the elastodulus the difference between the
different materials were lower than the experimeateor: nevertheless it was advisable a general

decreasing trends as the number of extrusionsasece
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Figure 5.13. Examples of stress-strain curves of HEEQ9 (a), HDPEQ09-CB226 1 1 vol% (b) and HDPEQ9-
CB1353 1 vol% (c) extruded 110 ), 2 (---) and 3 times [
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Figure 5.14. Elastic modulus as a function of theumber of extrusions for HDPEQO9 @), HDPE09-CB226 1 vol%
(V) and HDPEQ9-CB1353 1 vol% {).
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Figure 5.15. Yielding stress (a) and strain (b) as function of the number of extrusions for HDPEO9 @),
HDPE09-CB226 1 vol% (V) and HDPE09-CB1353 1 vol% A).
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Figure 5.16. Stress (a) and strain (b) at break aa function of the number of extrusions for HDPEO9 @),
HDPE09-CB226 1 vol% V) and HDPE09-CB1353 1 vol% Q).

5.1.11

EWF

The load-displacement curves of the tensile testhenDENT samples at various ligament length

and the specific work of fracture as a functiornhaf ligament length for all the tested materiats ar
presented in Figure 5.18, Figure 5.19 and Figu28,5while Figure 5.21 shows the yielding specific
work and the propagation specific work as a fumctibthe ligament length.

For all the materials, a similar trend of the lalsplacement curve was observed. In the first plart

the test the load increased rapidly and, afterpéak, a slow drop in load occurred with a further
increase of displacement until the fracture of $ipecimens. The last part of the curve is very
smooth in the case of HDPEQ9, while it is moregular for HDPE09-CB composites. The ductile

behaviour is evidence if Figure 5.17 that propasese pictures of the stretched samples during the

tests. Moreover all the curves of the specific wofKracture as a function of the ligament length

showed a good linear trend that was necessary ptogrthe EWF approach.
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Figure 5.17. Examples of the stretching of DENT saptes for HDPEQ9 (a) and HDPEO09-CB226 1 vol% (b)
extruded 1 time.
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Figure 5.19. Examples of the load-displacement cueg for HDPE09-CB226 1vol% extruded 1 (a), 2 (b) an8
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Figure 5.21. Specific work for yielding (a, c, e) rad for propagation (b, d, f) for HDPEQ9 (a, b), HDHE-CB226
1vol% (c, d) and HDPE-CB1353 1vol% (e, f) extruded (V,0), 2 (@, ---) and 3 times A,—-).

The results of the data analysis performed by tiWFEapproach are summarized in Table 5.3,
Table 5.4 and Table 5.5. EWF parameters clearlicated that the fracture toughness of HDPE
matrix degraded during the repeated extrusionsfatn, the specific essential work and his
components decreased and the non-essential worlhiancbomponents increased. Moreover, the
initiation contribute was only about 10% of the esggal and non-essential work of fracture
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parameters: the crack propagation component unddiybtrepresented the most important
phenomenon of energy adsorption during the fraatitke sample.

In the case of the composites the situation wasrmomplicated. For the CB226 based composites
a beneficial effect on the specific essential walrkracture parameter could be observed only in the
case of the second and third extrusions. At theeséime, the non-essential work of fracture
component (which is related to the energy requiceglastically deform the outer process zone)
was always reduced by the CB presence, independsritie number of extrusions, even if in third
extrusion it became similar to HDPEQO9 matrix. Ie ttase of the CB1353 based composites the
essential work of fracture parameter markedly desad after the first extrusion, but remained
almost constant through the following extrusionke Thon-essential work of fracture component
showed a similar trend: after the first extrusiordiastically decreased, but it remained almost
constant through the following extrusions. As asamuence a toughening effect was observed only
after three consecutive extrusions. The analysisheftwo contributes of the EWF parameters

evidenced the same considerations of the globahpeters.

Table 5.3. Essential work of fracture () and plastic work dissipation {Bw).

Material Extr. we [kJ/m] B IMI/m’] R?
mean SD mean SD
HDPEO9 1 21.8 51 10.8 0.5 0.9560
2 13.5 4.3 12.4 0.4 0.977p
3 5.0 24 13.5 0.2 0.9934
HDPEQ09-CB226 1 vol% 1 16.8 3.0 4.9 0.3 0.9171
29.9 4.0 51 0.4 0.8875
3 9.9 6.7 10.0 0.6 0.9183
HDPEO09-CB1353 1 vol% 1 11.6 1.3 1.6 0.1 0.9090
2 13.1 2.6 3.9 0.2 0.9195
3 13.1 1.8 2.7 0.2 0.9182
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Table 5.4. Initiation terms of Essential work of fracture (wein) and plastic work dissipation Bw,n).

Material Extr. Wein [ka/m] Ao MI/m ! R?
mean SD mean SD
HDPEO9 1 2.8 0.9 25 0.1 0.9728
15 0.6 2.8 0.1 0.9911
3 15 0.5 3.0 0.1 0.9930
HDPEQ09-CB226 1 vol% 1 0.8 0.8 24 0.1 0.97p3
2 2.8 0.6 2.3 0.1 0.9859
3 0.5 0.8 2.8 0.1 0.9829
HDPEQ09-CB1353 1 vol% 1 3.1 0.7 1.5 0.1 0.96[70
1.9 0.7 1.9 0.1 0.9742
3 1.0 0.6 1.9 0.1 0.9816

Table 5.5. Propagation terms of Essential work ofrécture (Weprop) and plastic work dissipation (B, prop)-

Material Extr. Weirop (KJ/m] Brpsrop [MI/m] R?
mean SD mean SD
HDPEQ9 1 19.0 4.6 8.7 0.4 0.9426
12.0 4.1 9.6 04 0.964}
3 35 2.3 10.5 0.2 1.0
HDPEQ9-CB226 1 vol% 1 16.0 2.9 24 0.3 0.7541
27.1 3.9 2.8 04 0.7058
3 9.4 6.4 7.2 0.6 0.8647Y
HDPEQ09-CB1353 1 vol% 1 8.6 1.1 0.1 0.1 0.1
2 11.3 24 2.0 0.2 0.8
3 12.1 1.6 0.8 0.1 0.5

The effect of the filler type and of the number extrusions was evidenced by calculating the
relative toughness, i.e. the ratio between thentisdevork of fracture of HDPEO9-CB composites
and the one of HDPEQ9 with the same number of siing. This ratio was calculated for initiation
and propagation components too. The results ar@eshin Figure 5.22. In the case of HDPEQ9-
CB226 composites the fracture toughness markediseased in comparison to HDPEQO9 already
after the second extrusion and remained constaet Hfree extrusions. On the other hand the
fracture toughness of HDPE09-CB1353 compositeseasad only after three extrusions, but the
plateau was not still evident. These results cdaddelated to the different evolution of the filler

dispersion in the polymeric matrix for CB226 and X3B3. Moreover, while the initiation
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components appeared almost constant, the propagatiaponents had the same trend of the total

relative toughness.
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Figure 5.22. Relative toughness, relative initiatio and propagation toughness for HDPEQ9-CB226Y) and
HDPEQ9-CB1353 @A) composites.

The tests were recorded with a digital video cana@ichthe images analyzed in order to understand
the fracture process. The crack propagation anthtiteasing of the yielded region were monitored
during the test for HDPEQ9. These two parameteewempared to the load-displacement curve.
The yielded area was monitored only for HDPEQ9 dampecause the different refractive index of
the yielded region, but not for HDPEO09-CB compasiiar which no colour change was observed
(Figure 5.17). The results of this analysis ares@néed in Figure 5.23. The image analysis
evidenced that the peak of the load—displacemenesuwcorresponded to the fully yielding of the
ligament. In this way it was possible to verifyather basic hypothesis necessary to apply the EWF
approach. Moreover it was possible to correlateytblling region with the crack initiatiowg ;)

and the necking and fracture region to the craokg@gation \{e prop-
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Figure 5.23. Results of the image analysis: yieldegrea and crack propagation during tensile test orDENT

specimen (ligament length = 10 mm) for HDPEO9 extided 1 time.

Figure 5.24 shows the micrographs acquired witteeesscopic microscope of the fracture surface
near the initial crack tip of the DENT specimenB @th an initial ligament length of 10 mm).
Microcavitation phenomena were observed for allrtfaerials, but with different intensity in terms
of dimensions and density. In particular the mierotation decreased for HDPEO9 as the number
of extrusions increased, while the phenomenon ware mmtense for HDPEQO9-CB composites after

every extrusion and in particular with CB1353.
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Figure 5.24. Micrographs acquired with a stereoscdp microscope of the fracture surface near the inial crack

tip of the DENT specimens (all with an initial liganent length of 20 mm).

5.1.12 Tensile creep tests

From a general point of view the multiple extrusiaduced a progressive reduction of the creep
resistance of HDPEOQ9, while CB resulted to subgthytincrease the creep resistance of the
HDPEOQO9 matrix with an effect stronger and stroragethe number of extrusion increased and as the
specific surface area of CB increased (i.e. fron2@Bto CB1353). Figure 5.25 shows the results of

creep test at 30°C and 3 MPa for all the producatenals.
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Figure 5.25. Creep compliance at 30°C and 10 MParféiDPEQ9 (@), HDPE09-CB226 1 vol% ¥) and HDPEO09-
CB1353 1 vol% (A) extruded 1 (a), 2 (b) and 3 times (c).

While all the materials underwent a reference &s80°C and 3 MPa, the behaviour of some
materials were investigated in more detail: HDPE®8uded 1 and 3 times, HDPEQ9, HDPEO9-
CB226 1vol% and HDPEO09-CB1353 1 vol% extruded 38nirhe goal was to analyze the effect
of the multiple extrusion on HDPEQ9 and the effadhe filler type (with a good filler dispersion).
The effects on the creep resistance were detecialtiee linear viscoelastic region (i.e. at low
stresses or temperatures), and it became more angl enident in the non-linear viscoelastic or
viscoplastic region (i.e. at high stresses or taatpees). Examples of this behaviour are proposed

in Figure 5.26 and in Figure 5.27 where compliaacd compliance rate of the tested materials at
30°C and 75°C are showed.
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Figure 5.26. Creep compliance at 30°C (a, ¢) andexp compliance rate (b, d) as a function of time &0°C with a

stress of 3 MPa (a, b) and 15 MPa (c, d) for HDPEO&xtruded 1 (O) and 3 times @) and for HDPE09-CB226 1
vol% (V) and HDPE09-CB1353 1 vol% f).
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Figure 5.27. Creep compliance at 30°C (a, ¢) andexp compliance rate (b, d) as a function of time at5°C with a
stress of 3 MPa (a, b) and 8 MPa (c, d) for HDPEO8xtruded 1 (O) and 3 times @) and for HDPE09-CB226 1
vol% (V) and HDPE09-CB1353 1 vol% ).

The isochronous stress-strain curves at 30°C afn@ & a creep time of 2000 are showed in
Figure 5.28. It is evident as the increased tempesa reduced the creep resistance of both the
tested materials and mainly as the creep resistdaceeased for HDPEOQO9 after 3 extrusion and
increased for HDPEQ9-CB composites in comparisddiR®EQ9 especially when the applied stress
increased. This effect was stronger for HDPEQ9-CE18omposites in comparison to HDPEQO9-
CB226 composites.

Figure 5.29 proposes the partitioning of the isonbus creep compliance at 2000 s in the related
elastic (i.e. the creep compliance at 0 s) andoeisstic components. While the elastic components
are the same for all the materials, the viscoelasimponents were sharply different. In particular
the viscoelastic components of the compliance aswd for HDPEQO9 after 3 extrusions but only for
temperature lower than 60°C, while a sharp redoct@s observed for all both HDPEQ9-CB
composites in comparison to HDPEQ9 extruded 3 tilkEseover an average reduction of 12% for
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HDPEQ9-CB226 composites and an average reductiazd®d for HDPE09-CB1353 composites
were observed.
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Figure 5.28. The isochronous stress-strain curved 8iDPEQ9 extruded 1 ©) and 3 times @) and of HDPEQ9-
CB226 1 vol% (V) and HDPE09-CB1353 1 vol% Q) for a creep time of 2000 s.
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Figure 5.29. Isochronous compliance at 0 s and 2@& (a, b) and viscoelastic components of the issohous

compliance at 2,000 s for HDPEQ9 extruded 1Q) and 3 times @) and of HDPE09-CB226 1 vol% ¥) and
HDPE09-CB1353 1 vol% A).
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On the basis of a time-temperature superpositiocipte, short term creep performed in the linear-
viscoelastic region (with an applied stress of 3aylBllowed to obtain creep compliance master
curves for long term creep at 30°C (Figure 5.30jeiCthe extended time period covered by the
master curves, the creep compliance increasedBtED9 of about 13% after 3 extrusion, while it

was reduced by about 25% and 30%, on average, RPEI9-CB226 and HDPE09-CB1353
composites, respectively.
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Figure 5.30. Creep compliance master curves obtaideat 3 MPa and referred at 30°C for HDPEQ9 extrudedl
(O) and 3 times @) and of HDPE09-CB226 1 vol% ¥/) and HDPE09-CB1353 1 vol% ).

Moreover the shift factor (Figure 5.31) calculatexin the short term creep test to obtain the master
curves as a function of the temperature was fitt#ld an Arrhenius law. In this way an activation
energy for the relaxation phenomenon was determitedvalues decreased after 3 extrusion from
(203t10) kJ/kmol to (17841) kd/kmol, while increased for HDPE09-CB226 cosifss, (21&10)
kJ/kmol, and for HDPE09-CB1353 composites, @8)akJ/kmol.
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Figure 5.31. Shift factor as a function of the invese of the absolute temperature for HDPEOQ9 extruded (O) and
3 times @) and of HDPEQ9-CB226 1 vol% ¥V) and HDPE09-CB1353 1 vol% ).
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The master curve data were used to calculate gporompliance rate over the full time range.
Figure 5.32 shows as all the materials had praltittae same behaviour for time over*1€ the

main difference were present at low time whereréisalts were congruent with the variations of the
creep resistance and they were in agreement wéthiegbults at low stresses in linear viscoelastic
region (as for example in Figure 5.26 and FiguB¥b.Moreover it was possible to fit the data with
a power law which has the expressidb/dt= 019 % where the compliance is expressed in

GPat and the time irs.

compliance rate [GPa‘Ws‘w]
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Figure 5.32. Creep compliance rate as a function dfme in a log-log scale for HDPEQ9 extruded 1) and 3

times (@) and of HDPE09-CB226 1 vol% /) and HDPE09-CB1353 1 vol% Q). The inset is a detail at short
times.

The master curve data were also used to calcuiateetardation spectra over the full time range
available: Figure 5.33 shows as the multiple extns shifted the spectrum to lower retardation

times, while CB to higher retardation times. THieet was slightly stronger in the case of CB1353
in comparison to CB226.
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Figure 5.33. Retardation spectra as a function offie retardation time for HDPEQ9 extruded 1 QO) and 3 times
(@) and of HDPE09-CB226 1 vol% ¥) and HDPE09-CB1353 1 vol% ).

5.1.13

DMTA

The results of the DMTA tests at 1 Hz from -130%€ ahowed in Figure 5.34, Figure 5.35 and
Figure 5.36. The materials presented two sharpsdobghe storage modulus that corresponded to
two peaks in terms of dissipative modulus and fastor. In particular the first phenomenon at low
temperature (about -100°C) was related to glassitian {-relaxation), while the phenomenon at
higher temperatures (about 60°C) is theelaxation of the crystalline phase [12].

The glass transition temperature decreased of 1#ft€ 3 extrusions for HDPEQ9, while it
increased of about 4°C in the case of HDPEO9-CBpusites. On the other hand the temperature
of the a-relaxation increased of about 3°C after 3 extmuday HDPEO9, while it remained almost
constant in presence of CB226 and increased oft&@j@ufor HDPE09-CB1353 composites. Table

5.6 summarizes the characteristic temperatureeofjidss transition and of tkie andy-relaxation.
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Figure 5.34. The storage modulus as a function ofi¢ temperature for HDPEQ9 extruded 1 Q) and 3 times @)
and of HDPEQ9-CB226 1 vol% §¥/) and HDPE09-CB1353 1 vol% {\).
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Figure 5.35. The dissipative modulus as a functioof the temperature for HDPEQ9 extruded 1 Q) and 3 times
(@) and of HDPE09-CB226 1 vol% ¥) and HDPE09-CB1353 1 vol% £).
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Figure 5.36. The loss factor as a function of theemperature for HDPEQ9 extruded 1 O) and 3 times @) and of
HDPE09-CB226 1 vol% V) and HDPE09-CB1353 1 vol% A).

Table 5.6. The temperature of then- and y-relaxations.

Material Tv(T9 Ta
[°C] [°C]
HDPEO09, 1x -98.8 59.9
HDPEO09, 3x -108.9 62.9
HDPE09-CB226 1 vol%, 3x -104.3 62.4
HDPE09-CB1353 1 vol%, 3x -103.2{5 69.0

The data acquired with DMTA tests in multifrequemsgde were elaborated on the basis of a time-
temperature superposition principle in order tcaobthe master curves of the modulus as function
of the frequency at 30°C (Figure 5.37). Over theereded frequency range covered by the master

curves, the modulus decreased of about 4% aftedtrisiton for HDPEQ9, while it increased of
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about 5% and 13%, on average, for HDPEQ9-CB226 BMW@PEQ09-CB1353 composites,
respectively.
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Figure 5.37. Master curves of the storage moduluseferred at 30°C for HDPEOQ9 extruded 1 Q) and 3 times @)
and of HDPE09-CB226 1 vol% ¥) and HDPE09-CB1353 1 vol% A).

The shift factor (Figure 5.38) calculated to obtdie master curves as a function of the temperature
was fitted with an Arrhenius law: in this way artiaation energy at low and high temperature, i.e.
under and over about 60°C where tbeelaxation taken place, was determined. Moreover
Arrhenius equation was applied to calculate arvatiin energyE of the relaxation phenomena

[143]: in particular the frequency and the corresponding absolute temperature odigsgpative

modulus peaK ., was fitted with the following equation:

Equation 5.1
f =1, ex;{—E j
REI—PEAK

where f, and E were fitting parameters. Table 5.7 contains trsulte of this analysis. From a

general point of view the activation energy decedasfter 3 extrusion for HDPEQ9, while
increased for HDPEQ9-CB composites in comparisortHRPEQ9 after the same number of

extrusions.
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Figure 5.38. Shift factor as a function of the inviese of the absolute temperature (a) and Arrhenius lpt (b) for
HDPEOQ9 extruded 1 ©) and 3 times @) and of HDPEQ9-CB226 1 vol% V) and HDPE09-CB1353 1 vol% ).

Table 5.7. Activation energy calculated from the st factor at low (Eje,) and high temperature Epign) and from

the Arrhenius plot (Ear).

. EIow Ehigh EArr
Material
[kJ/kmol] [kd/kmol] | [kI/kmol]
HDPEOQ9, 1x 4603 2691 1426
HDPEQ9, 3x 3725 2591 13G5
HDPEOQ09-CB226 1 vol%, 3x 4247 2641 1337
HDPEQ09-CB1353 1 vol%, 3x 411+14 2711 98t8

The master curve data were also used to calclateetardation spectra over the full frequency
range available: Figure 5.39 shows as the mulagteusions induced a narrowing of the spectrum,

while CB induced the shift of higher relaxation ¢isn
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Figure 5.39. Relaxation spectra for HDPEOQ9 extruded (O) and 3 times @) and of HDPE09-CB226 1 vol% V)
and HDPE09-CB1353 1 vol% Q).
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5.2 HDPEQ9-CB 0.5 vol% composites

5.2.1 Extruder

Table 5.8 shows the torque, the die pressure amdetinperature of the melt during in the twin

screw extruder during the production of HDPEQ9-GiBnposites. After the first extrusion the

torque and the die pressure sharply decrease@sepce of the filler: this effect became stronger a
the specific surface area increased. As in theiguevchapter (see 5.1.1) this behaviour was
correlated with the lubricating effect of the CBlau filler content [139, 140].0n the contrary the

melt temperature did not change.

Table 5.8. Torque (M), die pressure (p) and melt teperature along the barrel (T) during the composites

production with the twin screw extruder for HDPEQ9-CB composites at different numbers of extrusion (Bx.).

Material Extr. M P T T2 T3
[Nm] | [bar] [°C] [°C] [°C]
HDPEO9 1 89.9 18.4 212.8 227.3 2375
2 79.5 18.5 212.4 226.6 236.7
HDPEO09-CB105 0.5 vol% 1 56.5 12.6 2116 226.9 237.1
2 77.8 155 212.9 227.2 237.3
HDPEQ09-CB226 0.5 vol% 1 63.5 12.4 2123 226.5 236.4
2 73.8 16.4 2119 226.1 235.9
HDPEO09-CB802 0.5 vol% 1 64.5 15.2 2126 226.2 236.2
2 72.8 17.7 212.6 226.3 235.9
HDPEO09-CB1353 0.5 vol% 1 69.0 14.9 21247 226.4 236.
2 72.2 17.5 212.8 225.9 236.1

5.2.2 Tensile tests

Table 5.9 presents the results of the analysedredssstrain curves of HDPEQ9-CB composites
(elastic modulus, stress and strain at yield aedlr The main effect was the drop of the ductility
in presence of CB: the effect became stronger asifsp surface area of CB increased, while it
decreased from the first to the second extrusioorelver the filler induced generally an increase

of about 1 MPa of the yielding stress.
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5 - Results on carbon-black-based composites (CB)

Table 5.9. Mechanical properties of the HDPEQ09-CB amposites: elastic modulus (E), stress and straint a

yielding (oy and gy) and at break (og and €g).

Material Extr. i o & or °R
[MPa] [MPa] [%0] [MPa] [%0]
HDPEO9 946 30.4 11.3 31.4 1777
2 912 29.5 12.0 30.2 1995
HDPEQ9-CB105 0.5 vol% 790 30.9 11.0 18.4 882
2 751 30.9 11.3 21.6 967
HDPEQ9-CB226 0.5 vol% 822 315 11.0 24.1 1225
2 750 30.8 11.3 28.6 1702
HDPEQ9-CB802 0.5 vol% 869 32.1 105 17.8 703
2 746 311 11.3 211 1155
HDPE09-CB1353 0.5 vol% 879 31.8 10.5 16.6 162
2 806 314 11.0 17.1 314
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Figure 5.40. Examples of the load-displacement cueg for HDPE09-CB105 0.5vol% extruded 2 (a), HDPEQO9-
CB226 0.5vol% extruded 2 (b), HDPE09-CB802 0.5vol%xtruded 2 (c) and HDPE09-CB1353 0.5vol% extruded
2 (d).
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Figure 5.41. Specific work of fracture (a), initiaton (b) and propagation (c) as a function of the giament length
for HDPEO9 extruded 2 times @), HDPEO9-CB105 0.5vol% extruded 2V¥), HDPEQO9-CB226 0.5vol% extruded
2 (d), HDPE09-CB802 0.5vol% extruded 2W¢) and HDPE09-CB1353 0.5v0l% extruded 24).

The results of the data analysis performed by tW&-Eapproach are summarized in Table 5.10,
Table 5.11 and Table 5.12. These results are glatté=igure 5.42 as a function of the specific
surface area of CB: unfortunately no clear trend detectable because the experimental errors for
the essential work of fracture and his componedigy the plastic work dissipation showed a clear
trend with a peak at 226 %g (i.e. for CB226): this trends was clearly evides by the work-
ligament curves (Figure 5.41).

Figure 5.43 shows the micrographs acquired witteeesscopic microscope of the fracture surface
near the initial crack tip of the DENT specimenB @th an initial ligament length of 10 mm).
Microcavitation phenomena were observed for alltfaerials, but with different intensity in terms
of dimensions and density. In particular the mienotation increased from HDPEQ9 to HDPEQ9-

CB composites and as the specific surface are®ah€reased.
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Table 5.10. Essential work of fracture ) and plastic work dissipation {Bwy,).

Material Extr. e [ka/m] A (MI/m 1 R?

mean SD mean SD
HDPEQ9 2 135 4.3 12.4 0.4 0.9772
HDPEQ9-CB105 0.5 vol% 2 124 7.3 10.5 0.7 0.9099
HDPEQ9-CB226 0.5 vol% 2 12.2 3.7 12.2 0.4 0.9801
HDPEQ9-CB802 0.5 vol% 2 8.5 6.1 10.4 0.6 0.9355
HDPE09-CB1353 0.5 vol% 2 11.7 4.4 7.2 0.4 0.9370

Table 5.11. Initiation terms of Essential work of facture (wen) and plastic work dissipation Bwy,ini).

Material Extr. Weir /] Ay [(MI/m’] R?
mean SD mean SD

HDPEQ9 2 15 0.6 2.8 0.1 0.9911

HDPEO09-CB105 0.5 vol% 2 0.3 0.9 2.9 0.1 0.9815

HDPEQ09-CB226 0.5 vol% 2 0.0 0.7 2.8 0.1 0.9856

HDPEQ09-CB802 0.5 vol% 2 1.0 0.8 25 0.1 0.9795

HDPEO09-CB1353 0.5 vol% 2 0.0 0.9 25 0.1 0.9755

Table 5.12. Propagation terms of Essential work dfacture (weprop) @and plastic work dissipation (Bwy prop)-

Material Extr. Wepop (KM | Bltogrop M) R?
mean SD mean SD

HDPEQ9 2 12.0 4.1 9.6 0.4 0.964y

HDPEO09-CB105 0.5 vol% 2 12.1 7.0 7.7 0.7 0.8525

HDPEQ09-CB226 0.5 vol% 2 12.2 35 9.3 0.3 0.9695

HDPEO09-CB802 0.5 vol% 2 7.5 5.5 7.9 0.5 0.9103

HDPEQ09-CB1353 0.5 vol% 2 11.6 4.6 4.7 0.4 0.8538
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Figure 5.42. Essential work of fracture and plastiovork dissipation (a) and initiation (b) and propagation (b)

components as a function of the specific surface @a of the CB.

HDPEOQ9 CB1353

Figure 5.43. Micrographs acquired with a stereoscdp microscope of the fracture surface near the inial crack
tip of the DENT specimens (all with an initial liganent length of 10 mm) for all the HDPEO9-CB compotés with

1 %vol filler.
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6 Results on MWCNT (ARKEMA) based composites

This chapter is dedicated to the pMWCNT based caitg® the paragraph 6.1 presents the results
of characterization of the pMWCNT masterbatch. Afi@ds the paragraph O deals with the
HDPEQ9 and HDPEO9-pMWCNT 1 vol% composites, while paragraph 6.2 with the HDPEQ9-
(MA-g-PE)-pMWCNT composites.

6.1 pMWCNT masterbatch

6.1.1 SEM

Figure 6.1 proposes some examples of the acquireagnaphs of the masterbatch powders. The
particles had a spherical shape with a diametevdsat 200 and 500m. Moreover MWCNTSs were
visible on the particle surface at high magnificatinside some crack because the high filler
content of this masterbatch (about 50 wt% as writtethe datasheet).

6.1.2 TEM

Figure 6.2 shows some examples of TEM micrograpitpiieed for pMWCNT after TGA in
nitrogen: the polymeric carrier was completely regband the MWCNTSs were perfectly visible.
From a general point of view the MWCNTs had lenfitm 200 nm to several microns and
diameter between 10 and 20 nm. These data aredd ggreement with the datasheet (see the
chapter 3.1.2.3).
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6 — Results on MWCNT (ARKEMA) based composites

Figure 6.1. SEM micrographs of pMWCNT at different magnifications.

| a) _ 1001

Figure 6.2. TEM micrographs of pMWCNT after TGA in nitrogen without the polymeric carrier.

6.1.3 TGA

Figure 6.3 shows the TGA curve and the correspend¥ GA curve: the main degradation
phenomena taken place between 352°C and 455°Ctwihpeaks at 387°C and 442°C in the
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6 — Results on MWCNT (ARKEMA) based composites

DTGA curve. These phenomena agree with literatueeabse pMCWNT is a masterbatch

containing 50 wt% of MWCNTSs in a polyacrylic carmrién fact it has been shown that polymers

like polyacrylates degrade in several steps sucthas cleavage, end initiated depolymerisation

and random scission in this temperature range [¥8}- Moreover it is advisable to observe that

the residual fraction, i.e. 49.3wt%, is in goodesgment with the value declared in the datasheet of

the commercial product.
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Figure 6.3. TGA curve and corresponding DTGA curveof pMW CNT.

6.1.4 DSC

Figure 6.4 shows the DSC curves of pMWCNT during finst heating stage and the second one:
from -20 to 240°C the material did evidence no icteansition phenomenon. A glass transition was
probably present at about 100°C, but the highrfdlentent of the masterbatch reduced the intensity
of the phenomenon.
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Figure 6.4. DSC curves of pMVCNT.
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6 — Results on MWCNT (ARKEMA) based composites

6.1.5 DMTA

The results of the DMTA tests are shown in Figu® @he storage modulus decreased gradually
from an initial plateau at about 2000 MPa and ttés correlate with a relaxation phenomenon at
99.8°C as evidenced by a peak of the dissipativduig. This data confirmed the not clear data
obtained from DSC tests and it is in good agreem#htthe typical glass transition temperature of

the polyacrylates.
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Figure 6.5. The storage modulus, the dissipative rdalus and the loss factor as a function of the tengpature for
pMW CNT.

HDPEO9-pMWCNT composites

6.1.6 Internal mixer

Figure 6.6 shows the torque and the temperaturthefmelt as a function of time during the
composites production with the internal mixer. Ttweves evidenced as, when the mixture of
polymer and filler powders was putted into the mistgamber from room temperature to processing
temperature, the torque (applied to maintain a teoisspeed rotation) increased until to reach a
maximum that is related to the melting of the mateSimilarly the temperature of the material
inside the chamber decreased because the colthgtéemperature of the material. After the
melting of the material the torque decreased talaevrelated with the viscosity: similarly the
temperature of the melt reached a plateau. Theueéttemperature plateaus (which are linked)
shifted up when the speed rotation was increaged 20 rpm to 100 rpm.

Table 6.1 contains the most significant data ofgheuction process and evidences as the torque
and temperature curves were very similar. The nmaegesting difference was the torque when the
rotation speed was 100 rpm: in this case the tongcreased from 13.7 Nm for HDPEO9 to 15.4
Nm (+12%) for the HDPEO9-pMWCNT composites.
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Figure 6.6. The torque (a) and the temperature oftte melt (b) as a function of time during the compates
production: HDPEOQ9 (@) and HDPEO9-pMWCNT 1vol% (®).

Table 6.1. Torque (M) and melt temperature (T) durhg the composites production in the internal mixer:the

maximum/minimum value (MAX/MIN), at 20 rpm and at 100 rpm.

. M MAX M 20rpm M 100rpm TMIN T20rpm TlOOrpm
Material . . .
(Nm] | [Nm] | [Nm] [°C] [°C] [°C]
HDPE 29.3 7.6 13.7 145.4 186.9 21514
HDPE-pMWCNT 1vol% 35.3 8.0 154 146.6 1881 2160

6.1.7 OM

Figure 6.7 shows an example of OM micrographs aedaor HDPE-pMWCNT composites: even if

a relatively homogeneous dispersion was preseglorgrates of about 1@m still remained in the

composites.

| 0 vol%

20 vol%

100 pm

Figure 6.7. OM micrographs of HDPEQ9-(MA-g-PE)-pMWCNT composites with MWCNT content of 1 vol% at

different MA-g-PE conte

nt.
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6.1.8 SEM

The SEM observations had the main to assess ke dihd masterbatch dispersion in HDPEO9
matrix. For this reason samples of HDPEO9 and HE®PEAWCNT 1 vol% were fractured in
liquid nitrogen in order to have a brittle fractusgth smooth surfaces. Figure 6.8 proposes some
examples of the acquired micrographs at low antd hggnifications.

The most significant result is the absence of evidgglomeration phenomena of MWNCTSs and of
the masterbatch: the irregularity of the fractuneface were very similar in both the case at low
magnification. Moreover the surface evidenced dridtacture phenomena at high magnification:
Brough et al. [147] found that HDPE maintains aalbcductile behaviour even in the case of
cryofracture because the thermal dissipation ofntieehanical energy during the fracture process
that causes locally the melting of the polymer. &f&weless the morphology of the fracture surface
changed from HDPEQO9 to HDPEO9-pMWCNT 1 vol%: thastfis probably related to different

mechanical properties of the materials.

WL Ly il -

el LT
HDPEO2 9.20kx 10kV WD18mm

Figure 6.8. SEM micrographs at low and high magnittations of HDPEO9 (a, c) and HDPEO9-pMWCNT 1 vol%
(b, d).
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6.1.9 DSC

The DSC curves are showed in Figure 6.9: in thet finse the crystallization during the cooling
stage and in the second one the melting durindgp¢la¢ing stage. In addition Table 6.2 contains the
data elaborated from these DSC curves. In botltdlse a translation of the phenomenon to higher
temperature was evident: the onset of the crys&iin moved from 122.3°C for the base matrix to
123.5°C for the composites and the endset of thangdrom 143.5°C to 145.5°C. Moreover the
shape of the curves changed and the crystallindseased of about 2%, while the peak temperature

of melting/crystallization remained almost unchahge
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Figure 6.9. DSC curves of the crystallization phenmoena during the cooling stage (a) and the heatindage (b):
HDPEO09 (0 ) and HDPEQ9-pMWCNT 1vol% ([l

Table 6.2. Results of the analysis of the DSC cursecrystallinity (X), melting (T,,) and crystallization (T,)

temperature, onset (Tpy) and endset (Enp) temperatures.

Crystallization — Cooling (2" scan) Melting — Heating (' scan)
Material X Te Ton Tenp X Tm Ton Tenp

[wt%e] | [°C] [°C] [°Cl | wte] | [°C] [°C] [°C]
HDPEOQ9 70.2 117.2 122.3 105.5 70.4 135.6 128.9 5143.
HDPEO9-pMWCNT 1vol%| 72.2 117.4 123.5 1047 72/0 834 124.6 145.5

6.1.10 TGA

Figure 6.10 shows the TGA curves and the DTGA aumvkithe tested materials in temperature
range where the degradation phenomena were moenseit Table 6.3 summarizes the
characteristic parameters of these curves. The elatienced a slightly increased stability of the
HDPEQO9-pMWCNT composites in comparison to HDPEO®rmaTl he main difference was related
to the peak intensity of the DTGA, that is redubgdl5%, and to the translation of the end of the
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degradation of about 4°C. Moreover it is advisdblebserve that the residual fraction of HDPEQ9-

PMWCNT composites is in good agreement with thei@axpected for a filler fraction of 1 vol%.
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Figure 6.10. TGA and DTGA curves of HDPEO9[ ) and HDPEO9-pMWCNT 1vol% ().

Table 6.3. The results of the analysis of the TGAnal DTGA curves: onset (Ton), peak (Treak) and endset (Enp)
temperatures of the degradation and the residual fiction.

. Ton Teeak Tenp Residual
Material
[°C] [°C] [°C] [wt%]
HDPEO9 458.6 482.7 493.9 0.0
HDPEOQO9-pMWCNT 1vol% 455.2 483.7 496.4 1.79

6.1.11

The most evident effect of the filler addition dretmechanical properties (Table 6.4) was the loss

Tensile tests

of most part of the plastic deformation of HDPES®ain at break dropped from 1200% to 20%. On

the other hand the elastic modulus increased by @@¥h 740 to 890 MPa) and the strength by 9%

(from 27.8 to 30.3 MPa). This fact is depicted igufe 6.11 where some examples of the stress-
strain curves of HDPEQ9 and HDPEO9-pMWCNT compagsite presented.

Table 6.4. Mechanical properties of the HDPEQ9-pMWGIT composites: elastic modulus (E), stress and straat
yielding (oy and &y) and at break (og and €g).

) E Oy €y OR &R
Material
[MPa] [MPa] [%0] [MPa] [%]
HDPEOQO9 741 27.8 10.6 25.6 1200
HDPEQ9-pMWCNT 1vol% 887 30.3 10.7 25.5 20.0

120



6 — Results on MWCNT (ARKEMA) based composites

stress [MPa]

T T T T
0 20 40 500 1000 1500
strain [%]

Figure 6.11. Examples of stress-strain curves of HEE09 (d ) and HDPEQ9-pMWCNT 1vol% ([l

6.1.12 DMTA

The results of the DMTA tests are showed in Figarg2, Figure 6.13 and Figure 6.14. The
materials presented two sharp drops of the staraghulus that corresponded to two peaks in terms
of dissipative modulus and loss factor. In parécuhe first phenomenon at low temperature was
related to glass transitioy-felaxation) that is -102.4°C for HDPEQ9 and -10CQ.9or HDPEQ9-
PMWCNT composites. On the other hand the phenomeatohigher temperatures is the
relaxation: in this case the peak temperature pagsen 53.9°C for HDPEQ9 to 55.5°C for the
HDPEO9-pMWCNT composites. For both the relaxatithres difference was limited to an increase
of 2°C.
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Figure 6.12. The storage modulus as a function oh¢ temperature for HDPEO9 @) and HDPEO9-pMWCNT
1vol% (O).
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Figure 6.13. The dissipative modulus as a functioof the temperature for HDPEO9 @) and HDPEQO9-pMWCNT
1vol% (O).
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Figure 6.14. The loss factor as a function of theetmperature for HDPEO9 @) and HDPEQO9-pMWCNT 1vol%
(O). The inset shows a detail of the curves at lowrtgeratures.

6.1.13 Tensile creep tests

From a general point of view MWCNTSs resulted tostahtially increase the creep resistance of the
HDPE matrix. This effect was detectable in the dingiscoelastic region (i.e. at low stresses or
temperatures), and it became more and more eviddhe non-linear viscoelastic or viscoplastic
region (i.e. at high stresses or temperatures)miples of this behaviour are proposed in Figure
6.15 and in Figure 6.16 where compliance and canpé rate of HDPEO9 and HDPEQ9-
PMWCNT 1vol% at 30°C and 75°C are showed.
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Figure 6.15. Creep compliance at 30°C (a, ¢) andexxp compliance rate (b, d) as a function of time &0°C with a
stress of 3 MPa (a, b) and 15 MPa (c, d) for HDPEO@W) and HDPEO9-pMWCNT 1vol% (O).

The isochronous stress-strain curves at 30°C afn@ & a creep time of 2000 are showed in
Figure 6.17. It is evident as the increased tentpera reduced the creep resistance of both the
tested materials and mainly as the creep resisianoesased for HDPEO9-pMWCNT composites in
comparison to HDPEQ9 especially when the appliegsstincreased.
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Figure 6.16. Creep compliance at 75°C (a, ¢) andexp compliance rate (b, d) as a function of time &0°C with a
stress of 3 MPa (a, b) and 15 MPa (c, d) for HDPEO@W) and HDPEO9-pMWCNT 1vol% (O).
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Figure 6.17. The isochronous stress-strain curvesif HDPE (@) and HDPE-pMWCNT 1vol% (O) at 30°C and
75°C for a creep time of 2000 s.

Figure 6.18 proposes the isochronous creep congelianrves at 2000 s and the related elastic and
viscoelastic components. While the elastic comptsare the same for HDPEQ9 and for HDPEQ9-

PMWCNT 1vol%, the viscoelastic components are dyadgferent. In particular the viscoelastic
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components of the compliance is reduced by abott fdr HDPEO9-pMWCNT composites in

comparison to HDPEO9.
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Figure 6.18. Total isochronous compliance (a) andlastic and viscoelastic components of the isochrous

compliance at 2,000 s for HDPEO9-@-) and HDPEQO9-pMWCNT 1vol% (DO}

On the basis of a time-temperature superpositiocipte, short term creep performed in the linear-
viscoelastic region (with an applied stress of 3aylBllowed to obtain creep compliance master
curves for long term creep (Figure 6.19Figure 6)1@ver the extended time period covered by the
master curves, the creep compliance is reducethdytd 2%, on average.

compliance [GF‘a‘1]

10 10° 107 10° 10"
reduced time [s]

Figure 6.19. Creep compliance master curves obtaideat 3 MPa and referred at 30°C for HDPEO9 @) and
HDPEOQO9-pMWCNT 1 vol% (O).

Moreover the shift factor (Figure 6.20) calculatexin the short term creep test to obtain the master
curves as a function of the temperature was fittgld an Arrhenius law. In this way an activation
energy for the relaxation phenomenon was determihedvalues increased from (29&%) kJ/kmol

for HDPEOQ9 to (21318) kJ/kmol for HDPEO9-pMWCNT composites.
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Figure 6.20. Shift factor as a function of the invese of the absolute temperature for HDPEO9@®@) and HDPEQ9-
pPMW CNT 1 vol% (O).

The master curve data were used to calculate #epartompliance rate over the full time range.
Figure 6.21 shows as HDPEQO9 and HDPEO9-pMWCNT caitg® have practically the same

behaviour: the results are in agreement with tkalte at low stresses in linear viscoelastic region
(as for example in Figure 6.15 and Figure 6.16)reédwger it was possible to fit the data with a
power law which has the expressiaiD/dt = 0320 °° where the compliance is expressed in

GPa' and the time irs.
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Figure 6.21. Creep compliance rate as a function dime in a log-log scale for HDPEO9 @) and HDPEQ9-
PMW CNT 1 vol% (O).

The master curve data were also used to calculateetardation spectra over the full time range
available: Figure 6.22 shows as the MWCNT addisbifts the spectrum of HDPEQO9 to higher

retardation times.
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Figure 6.22. Retardation spectra as a function ofe retardation time for HDPEQ9 (@) and HDPEO9-pMWCNT
1 vol% (O).

6.2 HDPEOQ9-(MA-g-PE)-pMWCNT composites

6.2.1 Internal mixer

Figure 6.23 shows the torque and the temperatutleeainelt as a function of the MA-g-PE content
for the HDPEQO9-(MA-g-PE) blends and for the HDPEMA-g-PE)-pMWCNT composites. While
no difference was present in the case of the neaftperatures, the torque at 20 and 100 rpm
increased of 5-10% for the HDPEOQ9-(MA-g-PE)-pMWCN®mposites in comparison to the
corresponding matrices, i.e. the HDPEQ9-(MA-g-PIEnts. Moreover the torque values were only
slightly affected by the MA-g-PE content.

It's convenient to observe that, even if the maximtorque values are reported, only qualitative
evaluations are possible because the peak torquezyissensitive on the way in which the chamber

of the internal mixer is filled.

6.2.2 OM

Figure 6.7 shows examples of OM micrographs acqdime HDPE-(MA-g-PE)-pMWCNT
composites to evaluate the MWCNT dispersion inti@tato MA-g-PE content. The relatively
homogeneous dispersion of the composites withoutgW2E, even if agglomerates of about i

still remained, worsened as MA-g-PE content inadasith bigger and bigger black agglomerates
(over 100um) related to MWCNTS.
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Figure 6.23. Torque (M) and melt temperature (T) duing the composites production in the internal mixe: the
maximum (a) and minimum (b), at 20 rpm (c, d) and 8100 rpm (e, f) for the HDPEQ9-(MA-g-PE) blends ad
the HDPEQ9-(MA-g-PE)-pMWCNT composites as a functin of the MA-g-PE content.

6.2.3 DSC

Figure 6.24 presents the results of the DSC amalppsecomparing the effect of the MA-g-PE
content on the HDPEOQO9-(MA-g-PE) blends and on th®PHO09-(MA-g-PE)-pMWCNT
composites. While the crystallinity and the meltitgmperature did evidence no change, the

crystallization temperature increased of 2°C wit\-g+PE content over 10 vol%. Moreover the
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most interesting effect of the MWCNTs was relatedhe onset temperature of the crystallization
that moved up of about 1°C for all the HDPEQ9-(MARE)-pMWCNT composites in comparison

the corresponding HDPEQ9-(MA-g-PE) base matrix.
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Figure 6.24. Results of the analysis of the DSC awes: crystallinity, melting and crystallization tenperature,
onset and endset temperatures for the HDPEQ9-(MA-E) blends and the HDPEQ9-(MA-g-PE)-pMWCNT
composites as a function of the MA-g-PE content.

6.2.4 TGA

The results of the analysis of the TGA and DTGAvesrof the blends and of the composites are
presented in Figure 6.25. These data evidenced thfferent trends that could be ascribed to the
use of a masterbatch to disperse the MWCNTs in HIOPEhe onset temperature of the
degradation decreased of about 4°C for all the HBP@A-g-PE)-pMWCNT composites in
comparison to the HDPEQ09-(MA-g-PE) base matrix.sTFact is related to the lower onset
temperature of pMWNCNT (see 6.1.3) because (MA-y-R&d the same onset temperature of
HDPEQ9 (i.e. 458.2°C). On the other hand the endseiperature increased in presence of
MWCNTs for the composites of about 2°C: in this cggMWCNT (455.2°C) and MA-g-PE
(488.9°C) have no direct effect because the enseperature were lower, i.e. the degradation

phenomena were already finished. Moreover the pealperature remained almost unchanged at
about 483°C.
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Figure 6.25. The results of the analysis of the TGAand DTGA curves: onset (by), peak (Treak) and endset
(Tenp) temperatures of the degradation and the residuairaction as a function of the MA-g-PE content for he
HDPEOQ09-(MA-g-PE) blends and the HDPEQ9-(MA-g-PE)-pMVCNT composites.

6.2.5 Tensile tests

As showed in the paragraph 6.1.11, the most evieiéett of the filler addition on the mechanical
properties (Figure 6.26, Figure 6.27 and Figuré8p\®as the loss of most part of the plastic
deformation of the base matrices HDPEQ09-(MA-g-P&)ain at break dropped from 1000% or
more to 15-20%.

While the stress to break (Figure 6.28) was noecadfd by the presence of MA-g-PE and of
PMWCNT, the behaviour of the elastic modulus (F&@.26) and of the yielding stress (Figure
6.27) was more complex. All both the elastic modudnd the yielding stress showed a maximum
with a MA-g-PE content of 10 vol% for the HDPEO9AMy-PE)-pMWCNT composites, on the
other hand they decreased progressively in the ehtee HDPEO09-(MA-g-PE) blends which are
the corresponding matrices.
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Figure 6.26. Elastic modulus as a function of the W-g-PE content for the HDPEQ9-(MA-g-PE) blends andhe
HDPEQ09-(MA-g-PE)-pMWCNT composites.
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Figure 6.27. Yielding stress (a) and strain (b) aa function of the MA-g-PE content for the HDPEOQ9-(VA-g-PE)
blends and the HDPE09-(MA-g-PE)-pMWCNT composites.
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Figure 6.28. Stress (a) and strain (b) at break a& function of the MA-g-PE content for the HDPEO09-(MA-g-PE)
blends and the HDPE09-(MA-g-PE)-pMWCNT composites.
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7 Results on MWCNT (NANOAMOR) based composites

7.1 MWCNT treatments

7.1.1 SEM

Figure 7.1 proposes some examples of the acquiregnaphs of uUMWCNT powders as received
from the supplier: the MWCNTs were in form of agglerates with different dimensions. Even
after the oxidation treatment in HNOthe MWCNTSs remained in form of agglomerates (Fégu
7.2).

7.1.2 Oxidation of MWCNTSs by nitric acid

Figure 7.3 shows the residual mass of MWNCTs atter oxidation treatment in HNQOas a
function of the treatment time. The residual massrelsed as the time increased because the
oxidation: HNQ progressively destroyed the amorphous carbon &ed graphitic layers of
MWCNTSs and induced the formation of hydroxyl andbcenyl groups [148]. The trend was in first
approximation an exponential decay in good agreémih the literature [66].

7

1.02kx 10KV WD: 16mm 15/06/04 P:02 NANOAMOR

Figure 7.1. SEM micrographs of uMWCNT powders.
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aMWNT powder 7.93kx 10kV Wd:

Figure 7.2. SEM micrograph of oMWCNT powders.
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Figure 7.3. Residual mass of MWNCTs after the oxidéon treatment in HNO; as a function of the treatment

time.

7.1.3 TEM

Figure 7.4 and Figure 7.5 show the TEM micrographeMWCNT and oMWCNT treated for 24

h. The sample of uMWCNT evidenced not only MWCN@G8t a large amount of impurity too, i.e.
amorphous carbon, residual catalyst particles aambfibers. Moreover these MWCNTs had a
broad distribution of the diameters (over 20 nngd an high length (several microns) that induced
an high agglomeration. On the other hand the sawipp@VWCNT did have no impurity, short
lengths (no more than 243m) and diameters between 25 and 55 nm. The oxmdteatment
induced a reduction of the impurity content andutticg of the MWCNTSs [149]: in this way the
agglomeration was reduced too as evidenced byetine preparation method of the samples for the

TEM observations.
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Figure 7.4. TEM micrographs of uUMWCNT at different magnifications.

(@)

Figure 7.5. TEM micrographs of oOMWCNT at different magnifications.

7.1.4 EDAX

EDAX microanalysis was used to asses the effettebxidation treatment on the MWCNTSs. The
ratio of the peak intensity for Ni and O to C wesed to have a semi-quantitative evaluation of the
Ni and O content: the results for UMWCNT and oMWClRifeated for 24 h) are presented in
Figure 7.6. The data evidenced that the oxidatieatinent induced a drastic reduction of the Ni
content, i.e. the residual catalyst, and an inerefishe O content. In particular the O contentidou
indicate the increase of functional groups on tR&/GNT surface [150].
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Figure 7.6. Comparison of the relative content of N@) and O (b) for uMWCNT and oMWCNT (treated fo 24 h).

7.1.5 IR

Figure 7.7 shows the infrared spectra of UMWCNT aWiWCNT (treated for 24 h). At first glance
the oxidation treatment introduced new peaks,new functional groups, in comparison to the
untreated MWCNTS. In both the samples the peal@Hbfstretching (2918 and 2843 &jn of OH
stretching (3446 cit) and bending (1382 ¢t and of C=C stretching in aromatic rings (1158"¢m
were detectable. On the other hand the treatmé&oinced the peaks of C=0 stretching (1710 cm
1), of C=0 bending in aromatic (1198 djnand aliphatic structures (1182 ¢nand of GO
stretching (1024 cif. In conclusion the spectra evidenced that maiméyformation of carboxylic

group—COOH on the surface of MWCNTS, even if isolatecboaryl and hydroxyl groups could be
present.
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Figure 7.7. Infrared spectra of uUMWCNT and oMWCNT (treated fo 24 h).

7.1.6 Nitrogen adsorption measurements

The nitrogen adsorption measurements was usedtéontee the values of the specific surface
area: UMWCNT had 82.7 7y, while oMWCNT (treated for 24 h) 107°%m. This fact could be
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related to the purification effect of the oxidatitneatment: HN@ destroyed the impurities (i.e.

amorphous carbon, residual catalyst particles arbfibers) that had low specific surface area.
Moreover Figure 7.8 shows the pore size distrilbuttbe oxidation treatment had a complex effect
on the particle size distribution because the pakted from a narrow peak at 24 nm to a broad

peak from 24 to 64 nm.
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Figure 7.8. Pore size distribution for uMWCNT (@) and oMWCNT treated for 24 h (O).

7.1.7 TGA

Figure 7.9 shows the comparison of TGA analysesif®WCNT and oMWCNT (treated for 24 h):
the oxidation treatment had a stabilization effaotl induced a new peak degradation. The TGA
tests conducted in air atmosphere evidenced aaifte onset temperature from 548°C to 624°C
(+76°C) and of the maximum degradation rate froA°89to 689°C (+90°C) after the oxidation
treatment for 24 h. This fact could be relatedh® purification effect of the HN{reatment (see
the paragraph 7.1.6). Moreover the TGA tests catedum nitrogen atmosphere evidenced a new
degradation phenomenon between 210 and 260°C armteadrastic weight drop under 100°C. The
oxidation treatment induced the formation of hyddoand carboxyl groups on the MWCNT
surface: these groups was responsible for the mtelese humidity adsorption (2 wt%) and for the
degradation phenomena (with a peak at 250°C andss drop of 1.9 wt%). Moreover by assuming
only carboxylic acid on MWCNT surface (that infrdrepectra evidenced as the main group), a
surface density of 4.amol/n? (i.e 2.4 group/nfA) for this group on MWCNTs was obtained in
good agreement with the literature [68, 74, 151].
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Figure 7.9. TGA curves for for uMWCNT (@) and oMWCNT treated for 24 h (O) in nitrogen (a) and air (b)

atmosphere.

Figure 7.10 show the comparison of TGA analysesif@WCNT, oMWCNT (treated for 24 h) and
OMWCNT subjected to the treatment with the silanapding agents: in all the case no significant
difference was observable after the silane treatnmenomparison to oMWCNT. The addition of
silane on the filler surface had to introduce a ragradation peak between 400 and 600°C [152,
153], but it was completely absent: it is possthi the high carboxyl group content in comparison

to the hydroxyl group reduced the effect of thatmeent [73, 74].

mass [wt%]

T T T
0 200 400 600 800
temperature [°C]

Figure 7.10. TGA curves in nitrogen atmosphere.forfor uMWCNT ( @), oMWCNT treated for 24 h (O),
OMWCNT treated at 80°C for 48 h with ODS (A) and at room temperature for 40 min under sonicamn with
ODS (V) and PMS (k).

7.1.8 Pycnometer

Pycnometric measurements were used to determine ddresity of uMWOCNT. Multiple
measurements were employed to have a completeptiesoof the nitrogen from the MWCNTS:
the limiting density was assumed as the true densithe material (Figure 7.11). After about 200
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measurements, i.e. about 8 h, UMWCNT reached gtignilensity 0f(2.1520.02) g/cm?: this value
is in good agreement with the literature for MWCN®9, 115]. This value was used to convert the

weight fraction to the volume fraction.

density [g/cm”]

T T T
0 100 200 300 400
number of measurements

Figure 7.11. Density as a function of the number aheasurements for uUMWCNT in the pycnometric tests.

7.2 MWCNT filled composites

7.2.1 HDPEO9-MWCNT (extruder) composites

7.2.1.1 Extruder

Table 7.1 shows the torque, the die pressure amdetinperature of the melt during in the twin
screw extruder during the production of HDPEO9-@Bposites. The presence of the filler induced
an increase of the torque and the die pressurallfdhe composites of 5-10% without a specific

trend. On the contrary the other parameters dicthange.

Table 7.1. Torque (M), die pressure (p) and melt taperature along the barrel (T)) during the composites

production with the twin screw extruder for HDPEO9-uMWCNT composites.

. M P T, T, T;
Material . . .
[Nm] [bar] [°C] [°C] [°C]
HDPEO9 70.0 13.9 212.8 226.2 236.2
HDPEO9-uMWCNT 0.05 vol% 77.0 14.7 212.5 2261 236.1
HDPEO9-uMWCNT 0.25 vol% 73.5 14.4 212.4 226l4 2346.2
HDPEO9-uMWCNT 0.5 vol% 75.1 14.5 212.3 226.3 236.2
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7.2.1.2 OM

The observation of thin sections of the composigéemals with an optical microscope was used to
control the extent of filler agglomerates. The ragraphs of Figure 7.12 evidenced the presence of
agglomerates for all the composites produced. Faageneral point of view the dimension of this
agglomerates appeared independent on the filleeenbfup to about 2Qm), while the quantity of
these agglomerates increased with the filler canfeims fact demonstrated as the process was no

able to break down the agglomerates probably bedfesenergy was not enough [154-157].

0.05 vol% 0.25 vol% 0.5 vol%

300 pm

Figure 7.12. OM micrographs of HDPEO9-uMWCNT composites.

7.2.1.3 DSC

Figure 7.13 shows the DSC curves of HDPEO9-uMWCMMhjle Table 7.2 contains the data
elaborated from these DSC curves. The main effest related to the crystallization phenomena:
the onset temperature translated to higher tempergabout 1-2°C). The MWCNTSs acted as a
nucleating agent: however the crystallinity and thelting phenomena did not evidence any

change.
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Figure 7.13. DSC curves of the crystallization phesmena during the cooling stage (a) and the heatirgtage (b)
for HDPEQ9, HDPEQ9-uMWCNT 0.05, 0.25 and 0.5 vol%decreasing thickness of the line). The inset of the

cooling stage curves (a) shows a detail of the ctgllization onset.

Table 7.2. Results of the analysis of the DSC cursecrystallinity (X), melting (T,,) and crystallization (T,)

temperature, onset (Tpy) and endset (Enp) temperatures.

Crystallization Melting
_ Cooling (2" scan) Heating (3% scan)
Material
X Te Ton Teno X Tm Ton Teno
wt%] | [°C] [°C] [°Cl | wt%] | [°C] [°C] [°C]
HDPEO9 80.2 118.5| 121.2 1024 82.4 137.3 1253 (0148.

HDPEO9-uMWCNT 0.05 vol% 81.5 117.4 12218 1022 83.1137.3 | 125.2| 148.2

HDPEO9-uMWCNT 0.25 vol% 82.4 117.8 123 103.4 83.8137.5 | 125.6| 1475

-~

HDPEO9-uMWCNT 0.5 vol% 81.7 117.¢ 124p 1021 82\3137.9 | 125.6| 148.3

7.2.1.4 TGA

Table 7.3 summarizes the reference temperaturéseodegradation phenomenon as evidenced in
TGA and DTGA curves. From a general point of vidwe tlegradation is not significantly by the
filler addition.

Table 7.3. The results of the analysis of the TGAnal DTGA curves: onset (Ton), peak (Treak) and endset (Enp)
temperatures of the degradation.

. TON TPEAK TEND
Material . . X
[°C] [°C] [°C]
HDPEO9 426.0 479.7 507.7
HDPEO9-uMWCNT 0.05 vol% 426.7 480.4 508.8
HDPEO9-uMWCNT 0.25 vol% 428.7 465.7 507.0
HDPEO9-uMWCNT 0.5 vol% 428.0 476.0 512.8
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7.2.1.5 Tensile tests

The most evident effect of the filler addition dretmechanical properties (Table 7.4) was the loss
of most part of the plastic deformation of HDPEB®ain at break dropped from 2500% to 100-
200%. On the other hand the elastic modulus didchahge, while the yield stress decreased by
about 1 MPa after the filler addition.

Table 7.4. Mechanical properties of the HDPE0Q9-uMWGIT composites: elastic modulus (E), stress and straat

yielding (oy and &y) and at break (Or and €r).

) E Oy &y Or €R

Material
[MPa] [MPa] [%] [MPa] [%]

HDPEO9 860 31.1 13.8 33.8 2545
HDPEO9-uMWCNT 0.05 vol% 910 30.2 14.2 1.0 175
HDPEO9-uMWCNT 0.25 vol% 890 30.5 13.9 5.0 85
HDPEQO9-uMWCNT 0.5 vol% 880 30.3 13.9 4.9 97
7.2.1.6 DMTA

The results of the DMTA tests are showed in Figdrg&4, Figure 7.15 and Figure 7.16. The
materials presented two sharp drops of the staraghulus that corresponded to two peaks in terms
of dissipative modulus and loss factor. In parfacuthey were related to glass transition (
relaxation) that was at -101°C for HDPEQO9 anddhelaxation that was at 63°C for HDPEQ9. The
reference temperature did not change significdotlyADPE09-uMWCNT composites.
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Figure 7.14. Storage modulus as a function of themperature for HDPEO9 @), HDPEO9-uMWCNT 0.05 (V)
and 0.5 vol% (A).
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Figure 7.15. Dissipative modulus as a function ohe temperature for HDPEO9 @), HDPEO9-uMWCNT 0.05
(V) and 0.5 vol% (A).
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Figure 7.16. Loss factor as a function of the tempature for HDPE09 (@), HDPE0O9-uMWCNT 0.05 (V) and 0.5
vol% (A).

7.2.2 HDPEO9-MWCNT (mixer) composites

7.2.2.1 Internal mixer

Table 7.5 contains the most significant data of gheduction process of the composites with the
internal mixer. From a general point of view thH&efiaddition did not significantly affect the targ
applied by the internal mixer. The torque increasely in the case of the composites produced a
135°C in comparison to the ones at 180°C becausevigcosity of HDPE increases as the

temperature decreases.

7.2.2.2 OM
The observation of thin sections of the composigéemals with an optical microscope was used to

control the extent of filler agglomerates. The mgnaphs of Figure 7.17 evidenced the presence of
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agglomerates for all the composites produced. Faageneral point of view the dimension of this
agglomerates was bigger in the case of the praapss$il80°C and 20 rpm for 15 min, while it was
relatively better in the case of the processingj2&°C. However agglomerates with dimensions of
20-30pum were present in all the composites (with a fitentent of 0.05 and 0.5 vol%). This fact
demonstrated as the process was no able to bremk the agglomerates probably because the
energy was not enough [154-157] even if the praongsparameters was changed to obtain the

maximum viscosity of the polymer.

Table 7.5. Torque (M) and melt temperature (T) durhg the composites production in the internal mixer:the

maximum/minimum value (MAX/MIN), at 20 rpm and at 100 rpm.

Material M max M 20rpm M 100rpm Tamin T20rpm TlOOrpm
[Nm] [Nm] [Nm] [°C] [°C] [°C]
135°C, 20+100rpm, 5+20min
HDPEO9 90.8 11.6 16.1 121.3 1447 1778
HDPEOQO9-uMWCNT 0.5 vol% 96.6 9.9 15.6 121.9 1447 8.57
180°C, 20rpm, 15min
HDPEO9 26.3 7.6 na.| 147.3 192.2 n.a.
HDPEO9-uMWCNT 0.05 vol% 25.7 6.7 n.a.| 1495 191.5 n.a.
HDPEO9-uMWCNT 0.5 vol% 31.9 7.1 n.a.| 148.8 192.2 n.a.
180°C, 20+100rpm, 5+20min
HDPEO9 42.8 7.4 12.7 144.( 189.f7 217|0
HDPEO9-uMWCNT 0.05 vol% 30.8 7.1 12.0 1473 1894 15.2
HDPEOQO9-uMWCNT 0.5 vol% 31.8 7.4 13.8 147.8 188(3 7.B1
0.5 vol% 0.5 vol% 0.5 vol%
135°C 180°C 180°C
20+100rpm, 5+20min 20rpm, 15min 20+100rpm, 5+20min

Figure 7.17. OM micrographs of HDPEO9-uMWCNT composites produced with the internal mixer indifferent

processing conditions.

200 pm
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7.2.2.3 DSC

Table 7.6 presents the data elaborated from the €d®¢@s. These data evidence three main topics:
first of all the onset temperature of the crystaliion increased of about 1°C in the case of the
composites that underwent to a more intensive mgixin135°C and 180°C (20+100 rpm for 5+20
min) in comparison to the composites that underterd no so intensive mixing (20 rpm for 15
min). Thes effect was evident mainly for the comiassfilled with 0.5 vol%. On the other hand the
melting temperature increased up to 4°C in the adsthe composites with intensive mixing
(20+100 rpm for 5+20 min), while of only 1°C in tlkase of the other composites. Moreover the
crystallinity change only in the case of the conifgssproduced at 180°C with a reduced mixing
(20 rpm for 15 min).

Table 7.6. Results of the analysis of the DSC cursrecrystallinity (X), melting (T,) and crystallization (T,)

temperature, onset (Ton) and endset (Enp) temperatures.

Crystallization Melting
. Cooling (2" scan) Heating (3% scan)
Material
X Te Ton Teno X T Ton Tenp
[wt%] | [°C] [°C] [°Cl | [wt%] | [°C] [°C] [°C]

135°C, 20+100rpm, 5+20min

HDPEQ9 73.0 116.0] 1223 103.3 73.0 133.7 124.1 5145.

HDPEO9-uMWCNT 0.5 vol% 74.8 1194 1244 1081 74/5136.4 | 124.6| 144.2

180°C, 20rpm, 15min

HDPEQ9 70.7 116.00 122.2 104.8 70.B 1341 1239 3144.

HDPEO9-uMWCNT 0.05 vol% 73.9 117.0 122 104.6 7319134.6 | 124.4| 145.6

-~

HDPEO9-uMWCNT 0.5 vol% 74.0 116.2  123. 102,7 74/5135.2 | 124.7| 147.4

BN

180°C, 20+100rpm, 5+20min

HDPEOQ9 71.2 116.6) 122.( 104.f7 70.p 1335 123.8 2144.

HDPEO9-uMWCNT 0.05 vol% 71.6 116.3 122)3 1035 7111134.3 | 123.7| 145.2

HDPEO9-uMWCNT 0.5 vol% 71.0 116.3  123. 1029 70[6138.2 | 124.1| 1454

[¢))

7.2.2.4 TGA

Table 7.7 summarizes the reference temperaturéseodegradation phenomenon as evidenced in
TGA and DTGA curves. From a general of view therddgtion is not significantly affected by the
filler addition in the case of the composites prathiat 135°C; on the other hand the processing at
180°C with a reduced mixing decreased the thermagilgy (5°C), while the processing at 180°C
with an intensive mixing increased the thermal ifitsl{8°C).
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Table 7.7. The results of the analysis of the TGAnal DTGA curves: onset (Ton), peak (Treak) and endset (Enp)
temperatures of the degradation.

Material TON TPEAK TEND
[°C] [°C] [°C]

135°C, 20+100rpm, 5+20min

HDPEQ9 463.9 482.3 493.7

HDPEOQO9-uMWCNT 0.5 vol% 464.8 480.7 494.8

180°C, 20rpm, 15min

HDPEQ9 467.3 490.3 500.4

HDPEQ9-uMWCNT 0.05 vol% 459.1 482.( 495.0

HDPEOQO9-uMWCNT 0.5 vol% 465.9 482.7 495.p

180°C, 20+100rpm, 5+20min

HDPEQ9 456.0 481.3 491.9

HDPEQ9-uMWCNT 0.05 vol% 465.8 485.3 495.8

HDPEOQO9-uMWCNT 0.5 vol% 464.2 479.C 494.38

7.2.2.5 Tensile tests

The most evident effect of the filler addition dretmechanical properties (Table 7.8) was the loss
of most part of the plastic deformation of HDPES®ain at break dropped from 1800% to 100% or
lower. On the other hand the elastic modulus irsgdaof about 10% only of intensive mixing
(20+100 rpm for 5+20 min), while the vyield streskreased by about 1 MPa after the filler
addition.

Table 7.8. Mechanical properties of the HDPE0Q9-uMWGIT composites: elastic modulus (E), stress and straat

yielding (oy and &y) and at break (g and €g).

Material 5 o & or R
[MPa] [MPa] [%] [MPa] [%6]

135°C, 20+100rpm, 5+20min

HDPEO9 713 294 111 31.0 1800

HDPEO9-uMWCNT 0.5 vol% 827 30.6 10.8 19.0 341

180°C, 20rpm, 15min

HDPEO9 844 28.8 11.2 19.1 380

HDPEO9-uMWCNT 0.05 vol% 832 29.1 11.4 17.7 53.7

HDPEOQO9-uMWCNT 0.5 vol% 824 29.6 114 17.9 40.4

180°C, 20+100rpm, 5+20min

HDPEO9 733 27.8 11.0 29.6 1600

HDPEO9-uMWCNT 0.05 vol% 829 29.0 12.2 22.4 835

HDPEQ9-uMWCNT 0.5 vol% 819 30.2 111 19.9 23.8
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7.2.2.6 DMTA

The results of the DMTA tests are showed in Figadre8, Figure 7.19 and Figure 7.20. The

materials presented two sharp drops of the staraghulus that corresponded to two peaks in terms

of dissipative modulus and loss factor. In parfacuthey were related to glass transition (

relaxation) that was at -101°C for HDPEQ9 anddhelaxation that was at 53°C for HDPEQO9 with

an intensive mixing (20+100 rpm for 5+20 min) ar¥f@ with a reduced mixing (20 rpm for 15

min).

These reference temperature did not change

(Table 7.9).
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Figure 7.18. Storage modulus as a function of themperature for HDPEO9 @), HDPEO9-uMWCNT 0.05 (V)
and 0.5 vol% (A) for the composites produced at 180°C in the cagé (a) low mixing (20 rpm for 15 min) and (b)
high mixing (20+100 rpm for 5+20 min).
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Figure 7.19. Dissipative modulus as a function ohe temperature for HDPEO9 @), HDPEO9-uMWCNT 0.05

(V) and 0.5 vol% (A) for the composites produced at 180°C in the casd (a) low mixing (20 rpm for 15 min)
and (b) high mixing (20+100 rpm for 5+20 min).

147



7 — Results on MWCNT (NANOAMOR) based composites

0.4 " L . L . 1 . 1 s L . 0.4 . L . L . 1 . 1 s L

loss factor
loss factor

50 1(|}O 150
temperature [°C] (a) temperature [°C] (b)

Figure 7.20. Loss factor as a function of the tempature for HDPE09 (@), HDPE0O9-uMWCNT 0.05 (V) and 0.5
vol% (A) for the composites produced at 180°C in the ca®é (a) low mixing (20 rpm for 15 min) and (b) high

mixing (20+100 rpm for 5+20 min). The inset is a dail of the loss factor at low temperature.

Table 7.9. The temperature of then- and y-relaxations.

Material Tv(T9 To
[°C] [°C]

180°C, 20rpm, 15min

HDPEQ9 52.7 101.8

HDPEQO9-uMWCNT 0.05 vol% 48.3 101.1

HDPEQ9-uMWCNT 0.5 vol% 53.1 102.1

180°C, 20+100rpm, 5+20min

HDPEQ9 47.1 102.1

HDPEQ9-uMWCNT 0.05 vol% 47.9 101.4

HDPEQ9-uMWCNT 0.5 vol% 49.9 101.5

7.2.2.7 Tensile creep tests

From a general point of view MWCNTSs resulted todnawifferent effect on the creep resistance of
the HDPE matrix with relation to the applied comstasstress. While the creep resistance

substantially increased in the non-linear viscdelas viscoplastic region (i.e. at high stresses o

temperatures), it was not changed (processing&ftC)3or even worsened (processing at 180°C) in
the linear viscoelastic region (i.e. at low strassetemperatures). Examples of this behaviour are
proposed in Figure 7.21 and in Figure 7.22 whempt@nce and compliance rate of HDPEO9-

UMWCNT composites at 30°C are showed.
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Figure 7.21. Creep compliance at 30°C (a, ¢) andexp compliance rate (b, d) as a function of time &0°C with a
stress of 3 MPa (a, b) and 15 MPa (c, d) for HDPEO@) and HDPEO9-uMWCNT 0.5 vol% (O) produced with a

processing at 135°C.
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Figure 7.22. Creep compliance at 30°C (a, ¢) andexp compliance rate (b, d) as a function of time &0°C with a
stress of 3 MPa (a, b) and 15 MPa (c, d) for HDPEO@®), HDPE09-uMWCNT 0.05 vol% (V) and HDPEQ9-
UMWCNT 0.5 vol% ( A) produced with a processing at 180°C and 20+100 mpfor 5+20 min.

7.2.3 PVOH-MWCNT (bath sonication) composites

7.2.3.1 OM

The observation of thin sections of the composigéemals with an optical microscope was used to

control the extent of filler agglomerates. The mgnaphs of Figure 7.23 evidenced the presence of

agglomerates for all the composites produced. Faageneral point of view the dimension of this

agglomerates was up to pdn and the phenomenon was more strong in the casegber filler

content: no relevant difference was evident betwbertwo type of the polymeric matrices.
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Figure 7.23. OM micrographs of PYOH89p-uMWCNT and R/OH99-uMWCNT composites.

7.2.3.2 DSC

The DSC curves are showed in Figure 7.24: in tts¢ &ase the crystallization during the cooling
stage and in the second one the melting duringhdsing stage. For all the materials the main
phenomena was a glass transition between 50 arfit€18& a melting/crystallization over 150°C.
Table 7.10 contains the data elaborated from ti¥S€ curves. From a general point of view
uUMWCNT did have no significant effect on crystaijnand glass transition temperature in the case
of PVOH99-uMWCNT, while the glass transition termgtere shifted to lower values (up to 9°C) in
the case of PVOH89p-uMWCNT. Moreover uMWCNT actechacleating agents by changing the
shape of crystallization DSC curve for PVOH99-uMWIbBbmposites, while non clear effect was

present for PVOH89p-uMWCNT composites.
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Figure 7.24. DSC curves of (a, b) PVOH89p, tick), PYOH89p-uMWCNT 0.05 vol% (O, thin) PVYOH89p-
UMWCNT 0.5 vol% (---) and of (c, d) of PVOH99 (O, tick), PVOH99-uMWCNT 0.05 vol% (O, thin),
PVOH99-uMWCNT 0.5 vol% (---) composites for the coling stage (a, ¢) and the heating stage (b, d).

Table 7.10. Results of the analysis of the DSC cws: glass temperature (), crystallinity (), melting (T,,) and

crystallization (T.) temperature.

Cooling (2" scan) Heating (3 scan)

Material Ty X T Ty X Tm

[°Cl | wt%] | [°C] | [°CI | wt%] | [°C]
PVOH89p 51.1 17.9 130.8 49.7 18.5 181.4
PVOH89p-uMWCNT 0.05 vol% 38.5 16.4 126.6 423 15(6177.8
PVOHB89p-uMWCNT 0.5 vol% 441 17.0 140.p 40.4 17|12 80.8
PVOH99 72.6 415 183.5 78.7 41.0 222.8
PVOH99-uMWCNT 0.05 vol% 73.6 41.5 187.7 78.0 4113 202
PVOH99-uMWCNT 0.5 vol% 71.2 37.0 187.8 77.5 3711 0422
7.2.3.3 TGA

Figure 7.25 shows examples of TGA curves and DT@wes for PVOH89p and PVOH99, while

Table 7.11 summarizes the reference temperaturesl fihe materials tested. From a general point
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of view there were two distinct and well-separahezight drops at 300-450°C and 450-550°C for

all both the PVOH, while only PVOH89p had an adudiil peak at about 200°C. From the

literature [146, 158] the main reactions for thegrdelation phenomena under 450°C are the
dehydration and the eliminations of residual aeetabups (randomly inserted between hydroxyl
groups), while at higher temperature chain-scisgieactions dominate. For what concern the
composites the peak temperature of the degradahdted to higher temperature (up to 25°C),

while the onset temperature was non affected byilteeaddition.

Moreover TGA curves did not evidence residual watdease in the range of 100-150°C.: in

relation to the sensitivity of the measurement mégpine the moisture content of the cast and dried

materials was lower than 0.1 wt%.
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Figure 7.25. TGA (a) and DTGA (b) curves of PVOH89ithick line) and PVOH99 (thin line).

Table 7.11. The results of the analysis of the TGAnd DTGA curves: onset (), peak (Teeak) and endset

(Tenp) temperatures of the degradation.

Material Ton Treak Teno

[°C] [°C] [°C]
PVOH89p 2447 327.3 508.71
PVOH89p-uMWCNT 0.05 vol% 239.0 328.( 510.0
PVOH89p-uMWCNT 0.5 vol% 249.0 345.3 507.f
PVOH99 226.3 298.7 531.0
PVOH99-uMWCNT 0.05 vol% 228.0 327.7 521.8
PVOH99-uMWCNT 0.5 vol% 226.7 299.7 511.0
7.2.3.4 DMTA

The results of the DMTA tests are showed in Figar26, Figure 7.27 and Figure 7.28. The

materials presented a sharp drops of the storagkilmothat corresponded to the glass transition,
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i.e. the y-relaxation. Moreover the dissipative modulus ahd toss factor evidenced several
relaxation phenomena for all the materials: ¢theand [3-relaxations at about 120°C and 150°C
related to the mobility of the crystalline phade y-relaxation at 50-70°C related to the mobility of
the amorphous phase (i.e. the glass transition}tangirelaxation at 0°C for PVOH89p and -50°C
for PVOH99 related to the adsorbed moisture.

The data of Table 7.12 evidenced as the MWCNTsdidchange the glass transition temperature
in the case of PVOH99-uMWCNT composites, while giteess transition temperature decreased of
about 6°C in the case of PVOH89-uMWCNT composikésreover it is interesting to observe the
effect of the filler on the magnitude of the staragodulus. As evidenced in TABLE the modulus
increase of about 4% for the composites filled viiB5 vol% and of about 20% for the composites
filled with 0.5 vol%.
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Figure 7.26. Storage modulus as a function of themperature for (a) PVOH89p @), PVOH89p-uMWCNT 0.05
vol% (V) PVOH89p-uMWCNT 0.5 vol% (A) and of (b) of PVOH99 @), PVOH99-uMWCNT 0.05 vol% (V),
PVOH99-uMWCNT 0.5 vol% (A) composites.
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Figure 7.27. Dissipative modulus as a function ohe temperature for (a) PVOH89p @), PVOH89p-uMWCNT
0.05 vol% (V) PVOH89p-uMWCNT 0.5 vol% (A) and of (b) of PVOH99 @), PVOH99-uMWCNT 0.05 vol%
(V), PVOH99-uMWCNT 0.5 vol% (A) composites.
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Figure 7.28. Loss factor as a function of the tempature for (a) PVOH89p (@), PVOH89p-uMWCNT 0.05 vol%
(V) PVOH89p-uMWCNT 0.5 vol% (A) and of (b) of PVOH99 @), PVOH99-uMWCNT 0.05 vol% (V),
PVOH99-uMWCNT 0.5 vol% (A) composites.

Table 7.12. Glass transition temperature and relatie change of the storage modulus at room temperater(RT)

and at -50°C for PVOH-uMWCNT composites.

Material To £ @-50 EORT
[°C] [%] [%0]

PVOH89p 54.3

PVOH89p-uMWCNT 0.05 vol% 47.7 +17 +3.5
PVOH89p-uMWCNT 0.5 vol% 48.4 +27 +18
PVOH99 80.9

PVOH99-uMWCNT 0.05 vol% 76.3 +4.4 +4.8
PVOH99-uMWCNT 0.5 vol% 80.8 +23 +21
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7.2.4 PVOH-MWCNT (tip sonication) composites

7.2.4.1 OM
The observation of thin sections of the composigéemals with an optical microscope was used to

control the extent of filler agglomerates. The ragraphs of Figure 7.29 evidenced the presence of
agglomerates for all the composites produced upOtpm of diameter. While the situration was
very similar for PVOH89 filled with uMWCNT and oMWT in presence of SDS, the dispersion

was really smooth with oMWCNT without surfactants.

PVOH89p PVOH89p PVOH89p
uMWNT oMWCNT oMWCNT
SDS

100 um

Figure 7.29. OM micrographs of PVOH89p-MWCNT.
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8 Discussion

This chapter deals with the discussion of the gatgented in the previous chapters. Because there

are several themes to discuss, this chapter idetivin paragraphs with different topic.

8.1 The effect of the multiple extrusions on HDPE

The experimental data (see the chapter 5) evideasede multiple extrusion on HDPEOQ9 induced
a modification of macromolecular structure of HDPH: particular a thermo-mechanical
degradation [146, 159-162] caused by the high teatpees and the high shear stresses during the
extrusion process.

The degradation phenomena regarded several aspects:

 the MWD translated to lower molecular weighM() and became narrowerlR) as

evidenced by GPC measurements;

* moderate cross-linking phenomena taken place ateesed by the CSDF analysis, the
methyl group content measured from IR spectra &edctystallinity content from DSC.
Moreover the absence of tBerelaxation peak in DMTA measurements excludedroitéd
the possibility of branching phenomena;

» oxidation phenomena induced the presence of catbgmoyps along HDPE chains as
evidence by IR spectra.

The most part of these phenomena taken place duahedfirst extrusion, while others had a

progressive effect on the polymer. In particuMy, progressively decreased from 144 to 126 kDa

and the CSDF evidenced a progressive reductioheoptesence of the fraction of the lower and
higher weight chains. On the other hand the oxidataken place essentially during the first
extrusion.

The effects of HDPEQ9 degradation on the macrosgomperties differed: from a general point of
view the main difference was present between thikempolymer at 220°C and the bulk material at
room temperature. This fact could be related to plerrearrangements of the macromolecular

chains induced by the thermo-mechanical degradatieninteraction of different factors (moderate
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cross-linking, molecular weight loss, narrowingd¥WD, very short branching, carbonyl groups)
could have different effect on molten and solidypoér [25, 163]. In details the experimental data
evidenced as:

« the rheological curve translated to higher visgoaitlow frequency (about 0hz) as the
number of extrusions increased, while remained angld at medium frequency (abouf 10
hz). While for the HDPEQ9 powder the begin of thewtbnian plateau at low frequency
was evident, the extruded HDPEOQ9 evidenced a paurdoplastic behaviour;

» the elastic modulus and the yielding decreaseti@sumber of extrusions increased, while
the yielding strain decreased,

» the fracture toughness progressively decreasdteasuimber of extrusions increased and the
microcavitation phenomena was reduced after ewdryson;

» the viscoelastic behaviour changed after threeusiin. In particular the creep resistance
(creep experiments) and the storage modulus (DMWpEeements) decreased.

The most interesting effects were related to thetéire toughness and the viscoelastic behaviour.

Figure 8.1 shows the fracture toughness (i.e. phexiic essential work of fracturey,) as a
function of the molecular weightl,, (as the data were obtained after every extrusiEwgn if this

graph unfortunately does not take into accountfifiect of cross-linking or branching, the fracture
toughness decreased linearly with the moleculaghieil.8 kJ/rfi for a molecular weight loss of 1
kd): it is opportune to observe that general refattan not applied over a wide range of molecular

weight because the reduced number of data.
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Figure 8.1. Fracture toughness as a function of theolecular weight for HDPEQ9.

As told before, the creep resistance and the stamagdulus decreased as the number of extrusions

increased. While the retardation spectra as aifumcif the retardation time (Figure 5.33) showed
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an increasing trend, the relaxation spectra welleshaped curves (Figure 5.39) and in particular
the curve of HDPEQ9 extruded three times was nardhan HDPEO9 extruded only one time. By
taking into account that longer chains (i.e. higmetecular weight) have higher relaxation times [8,
11], it was evident a correlation between the rafiax spectra and the MWD. Even if the
irregularity of these curves did not allow to eledie a pseudo-CSDF, it was evident as the loss of
polymer fraction with the lower and higher retardattime was correlated with the loss of the
polymer fraction with the lower and the higher nooilar weight.

Moreover it is opportune to make some observatibout the effect of the macromolecular
orientation. The extrusion process induced an mighain orientation (in the machining direction)
in comparison to the compression moulding (see tehdj): nevertheless the different processing
conditions (temperature, stress and time) did Howaa direct comparison. In fact the lower creep
resistance of HDPEQ9 produced by internal mixingl @éimen compression moulding could be

related to degradation phenomena that were noyzedhin details in this work.

8.2 The fracture behaviour of HDPEQ9-CB composites

The EWF parameters combined with microscope obsensa(OM and TEM) indicate that the
fracture behaviour was strictly dependent on thet@®, on the level of dispersion of the filler in
the polymer matrix and on the degradation of thigrmper matrix. The influence of the last factor
(analyzed in the previous paragraph) could be demsd by taking into account the relative
toughness of the materials, i.e. the ratio of thettire toughness of HDPEQ9-CB composites to the
one of HDPEQ9 with the same number of extrusiongufEe 5.22).

If the filler is relatively good dispersed, as imetcase of the composites containing 1 vol% of
CB226 extruded 2 and 3 times, and 1 vol% of CB18%&Buded 3 times, the fracture toughness
markedly increases in comparison to unfilled HDPEO&trix. On the other hand the fracture
toughness slightly decreased or increased if ke filispersion was poor: the fracture toughness
increased sharply only when the filler dispersiaswnough good.

Moreover, when a minimum degree of dispersion waseaed (Figure 5.1), the effect of the
specific surface area of the CB was evident (Fighi22): the highest improvement of the
toughness, the higher surface area CB. In facetteet of CB1353 in comparison to CB226 was
evident only at the third extrusion, where the dispn level was good for both the composites.
CB226 reached a good dispersion after the secotrdseon and consequently HDPEQ9-CB226
composites maintained the same improvement ofréeure toughness after the second extrusion
and the third one. On the other hand CB1353 reachegmod dispersion only after the third

extrusion and the fracture toughness increased.
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These phenomena could be related with the breaKitite filler agglomerates during the extrusion:
both HDPEQ9-CB underwent the same processing dongdit.e. the shear stresses and energy
applied to destroy the agglomerates were the saoauke the torque applied by the extruder had
the same value. The fracture toughness increaseglglirom one extrusion to another because the
agglomerate dimension decreases with a power laweohpplied energy until to reach the primary
particles [154-156]: thus the breakage processtakere energy (i.e. more extrusions) in the case
of the particles with lower dimension (i.e. CB1338)cause the agglomeration forces were the
same for CB226 and CB1353 as a first approximafamthermore it is opportune to observe that
the interaction energy of CB particles increasethas dimension decreases [32]: this fact increase
more and more the energy to apply for the deagglatioa.

The increase of the fracture toughness of the HDREB composites is caused by the increasing
microcavitation phenomena [25] induced by the CBrduthe crack propagation (Figure 5.24 and
Figure 5.43). The CB patrticles acted as nuclegimnts of additive deformational phenomena, i.e.
as an energy dissipation mechanism: in partichlaphenomenon became stronger and stronger as
the number of extrusions (i.e. the filler dispengioncreased and as the specific surface area of CB
increased (both for the composites filled with 1%oand 0.5 vol% of CB). Moreover the
importance of this phenomenon is evidenced byrbesase of the propagation components of the

fracture toughness that is the main componentseofracture toughness.

8.3 The creep behaviour of micro- and nanocomposite s

In this paragraph the creep behaviour of HDPE basa&dposites with a filler content of 1 vol%
would be compared: HDPE25-Cu45, HDPE25-Cul0, HDPEB226, HDPEO9-CB1353 and
HDPEO9-pMWCNT. From a general point of view a creempliance reduction was observed in
the master curve (Figure 4.40 and Figure 5.30):ener this reduction was constant over the
whole range of times (up to ¥0s). This fact is good agreement with other resaltsilable in
literature for composites filled with micrometrianicles: Nielsen and Cessnha [25, 133, 134]
founded that the creep reduction could be closplyr@imate by the reciprocal of the relative
elastic modulus. Unfortunately these data had groo high in comparison to difference: so a
direct comparison was not possible. Nevertheless [ossible to observe as the creep resistance
was not influenced by the filler dimension if mioretric particles were considered (i.e. Cu45 and
Cul0), while the creep resistance markedly incikasth nanometric filler and the difference was
presence between nanometric filler with differemhehsion (i.e. CB226 and CB1353). These
considerations are possible because these fillersCu and CB, has the same particle aspect ratio
(i.e. about 1, that is they have a spherical shapd)the polymer-filler interaction is only phydica
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i.e. no (strong or weak) chemical bond is pres€hé reduced interaction was confirmed by SEM
observations and DMTA: in the case of HDPEQ9-Cu posites the fracture surface was perfectly
smoothing [138], while HDPE25-Cu and HDPEO09-CB cosifes did evidence no particular
phenomena in DMTA tests. However it is opportunestdoember that HDPE matrices were not the
same, i.e. HDPE25, HDPEQ9 and different processimgthods. These considerations are
summarized in Figure 8.2, where the relative cre@ppliance is a function of the filler particle

dimension.
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Figure 8.2. Relative compliance as a function of #hfiller particle dimension for HDPE based composés with a
filler content of 1 vol%: HDPE25-Cu, HDPE09-CB @) and HDPE-pMWCNT (O).

These considerations cannot be directly appligdD®EO9-pMWCNT composites: pMWCNT is a
commercial masterbatch that has an unknown conmposithe datasheet reports only that is a
polyacrylic carrier with a MWCNT content of 50 wt% other words the type of interaction is
unknown even if DMTA test did not evidenced anytigatar phenomenon. Moreover the average
creep reduction is lower than the corresponding BBERCB composites: even if the specific
surface area was lower than both the CBs, the credpction was lower than HDPE25-Cu
composites too.

The more interesting data in terms of creep behawgame from the tests in the non-linear region,
i.e. at higher stress. In this case the differdretveen the different materials became really sharp
the main effects of the filler was an increasehef ¢reep life and a reduction of the creep ratben
secondary region. Moreover this effect was stroraget stronger as the filler dimension decreased
for both HDPE25-Cu and HDPEQ09-CB composites asaotieghiin Figure 8.3 where the relative
compliance rate is a function of the filler dimesrsiHowever the direct comparison of the effect of
the filler dimension for HDPE25-Cu and HDPEQ9-CH évidenced a general trend (Figure 8.3):

161



8 — Discussion

the different matrix (HDPE25 and HDPEQ9) probalmiffuenced too much the creep behaviour in

non-linear viscoelastic region.
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Figure 8.3. Relative creep compliance rate as a fation of the filler dimension for HDPE09-Cu and HDREQ9-CB
composites @), HDPE0Q9-pMWCNT composites ), HDPE0O9-uMWCNT produced in internal mixer at 135C
(W) and 180°C ). All the composites had a filler content of 1 véb.

These effects could be related to the high mobditthe polymeric chains at high stress [116, 124-
127, 132]: in this case the filler particles act@ygsical linking to hinder the movements the
polymeric chains and this phenomenon reduces #epaleformation (Figure 8.4). When the filler
dimension decreases and the filler content remeamstant (as for HDPE composites previously
described), the points of physical linking (obvipug the dispersion degree is enough good)
increase and probably the reduction of mobilitytieé polymeric chains under stress become
stronger and stronger.

Moreover it is important to observe that all thesmsiderations are valid only with a filler
homogeneously dispersed in the polymeric matrixe $hort term creep test on all HDPEQ9-CB
composites with a filler content of 1 vol% (see fiea 5) evidenced as the creep resistance of the
composites increased as the degree of dispersioeaised. Furthermore the effect of specific
surface area of CB became evident only when a gtisdersion was obtained for all the
composites.

In addition a trial analysis was conducted on teep data obtained for the master curves, i.e. the
relative creep compliance (that is the ratio betwise compliance of the composites and the one of
the polymeric matrix). This analysis is based oa llypothesises that the filler particles and the
polymer chains locked by physical linking around thler particles undergo to creep deformation

lower that the bulk polymer that is non influend®dthe filler. In this way it possible to evaluate
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the region around the filler particle that is unttex influence of the filler particles themselvéke

thicknesst of this interphase region has the following expass

Equation 8.1

t= ((1_ Dcomposite/Dpolymer - ¢)j
SSAply

where D, 05t Dpoymer 1S the average relative creep compliangethe filler volume contentSSA

and p the specific surface area and the density ofitlee.fThe results of this analysis are showed
in Figure 8.5. The interphase thickness decreasethe filler dimension decreased for all the
composites with low aspect ratio fillers (i.e. HOFE=Cu and HDPEQ9-CB). Moreover a linear

function in a log-log scale was used to fit and tesults wast= 080[D"": apparently the

interphase region had the same dimension of tlee filrticles.
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Figure 8.4. Schematically representative structureof nanofiller—semicrystalline polymer composites fo (a)
spherical filler particles [126] and (b) nanotubeg116].
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Figure 8.5. Interphase thickness as a function ohe filler particle dimension for HDPE based composes with a
filler content of 1 vol%: HDPE25-Cu, HDPE09-CB @) and HDPEO9-pMWCNT (O).

8.4 MWCNT based composites

This work investigated the production of MWCNT difl composites by using uUMWCNT as
provided by the supplier. As the results of chapteevidenced, several methods employed to
disperse the MWCNT into polymeric matrices: frone timelt mixing to the solution mixing with
sonication treatment. However in all the case agglation phenomena were evident (Figure 7.12,
Figure 7.17, Figure 7.23 and Figure 7.29): evethéfintensity of the agglomeration depended on
every single case, the typical dimension of thegglcemerates was 1Qm or more, i.e. not a
nanocomposites was obtained. This difficulty topdise the MWCNTSs is probably related to the
mixing conditions: even if the maximum stressesenapplied achievable with the internal mixer
for long time (20+100 rpm for 5+20 min), they wegn@bably not enough to destroy the MWCNT
agglomerates [154-157]. In fact SEM and TEM miceamis evidenced that uMWCNT contained
very long nanotubes that were curled one around ether.

On the other side the mechanical properties of HIBPEVIWCNT was only partially improved:
only with very intensive mixing (20+100 rpm for 532nin) was able to destroy enough the
agglomerates (even if a lot of agglomerates rengdimeorder to induce an increase of the elastic
modulus (about 10%). Anyway the strain at brake@halecreased for all the composites: at least
10 times in comparison to the matrix, i.e. from Q&M00% to 100% or less. This fact was directly
related to the agglomeration [25, 91]. On the oside PVOH-uMWCNT composites showed an
evident increasing of the elastic modulus, i.e.uaB®20% with a filler content of 0.5 vol% and the
filler dispersion was not good in this case tooeJéresults was only partially in agreement with
the literature [99, 101, 102, 115, 164] just beeahe agglomeration.

164



8 — Discussion

Table 8.1. Mechanical properties of uUMWCNT filled @mposites: variations of elastic modulus (E) and glding

stress @y) respect to the base polymeric matrix.

Material Processing E [%] oy [%]

HDPEOQO9-uMWCNT 0.5 vol% Extruder +2 -3
Internal mixer,

HDPEO9-uMWCNT 0.5 vol% +16 +4

135°C, 20+100rpm, 5+20min

Internal mixer,
HDPEQ9-uMWCNT 0.5 vol% ) -3 +3
180°C, 20rpm, 15min

Internal mixer,
HDPEQ9-uMWCNT 0.5 vol% ) +10 +9
180°C, 20+100rpm, 5+20min

PVOHB89p-uMWCNT 0.5 vol% Solution mixing (sonicatjon +18 n.a.

PVOH99-uMWCNT 0.5 vol% Solution mixing (sonication) +21 n.a.

n.a. = not available

Furthermore the more interesting results were obthifro the creep experiments on HDPEQO9-
UMWCNT composites produced with internal mixer 86IC and 180°C with an intensive mixing
(20+100 rpm for 5+20 min). The main difference vibatween the test in the linearly viscoelastic
region (i.e. the tests at low stress) and the el viscoelastic region (i.e. the tests at higéss):

* when the stress was low, the composites had the $snaviour of the matrix or worse

(Figure 7.21 and Figure 7.22);
* when the stress was high the creep life of the asigs increased and the creep rate in the
secondary region decreased in comparison to HDR@8x (Figure 7.21 and Figure 7.22).

Moreover the tests conducted for the materials ywed at 180°C evidenced an increase of the
creep resistance from HDPEQ9, to the composite avifiier content of 0.05 vol% and then to the
composite with a filler content of 0.5 vol% (Figufe22).
Probably the same phenomena described in the pieypiaragraph for HDPE25-Cu and HDPEO9-
CB composites taken place: the filler particlesaphysical linking to hinder the movements the
polymeric chains and this phenomenon reduces tkepcdeformation [116, 124-127, 132].
Moreover, as proposed by Ganss et al. [116] thke kigess could induce a rearrangements of the
filler in the polymeric matrix (Figure 8.6). Thilvenomena could not take place at low stress: in
this way the filler remained in agglomerates areldieep behaviour was not improved [118, 127].
In conclusion it is interesting to observe a pheaonam present for all the composites filled with
UMWCNT. Even if the crystallinity and the meltingniperature was not significantly affected by
the MWCNTSs, the onset temperature of the crystilin shifted up always of about 1°C. This fact
was probably correlated with a nucleating effec24[1165-167]: the agglomeration reduced

probably the effects induced by this interactiotwaen the matrix and the filler.
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Figure 8.6. Schematic deformation model and orientin-induced crystallization of CNT/PP composite uder

uniaxial stress: (a) before loading, (b) under sméload levels, and (c) under high load levels [124]

8.5 Modification of MWCNTSs

The production of composites filled with uUMWCNT degnced as the key factor was the filler
dispersion. To allow an easy dispersion, the litega[1, 2, 28, 37] suggest modification treatments
of MWCNTSs. And for this reason two treatments wemngployed on uMWCNT:
e an oxidation treatment with boiling HNOn order to introduce new functional groups on
the surface and reduce the length of the nanof@3e88];
* a modification treatment of the surface of oxidiz&dWCNT with silane coupling agents in
order to introduce short polymeric chains compatibith polyethylene [73, 74].
EDAX, FTIR and TGA analyses evidenced the presefi@arboxylic and hydroxyl groups on the
surface [150] and a drastic reduction of the residiatalyst. Even if it was unfortunately not
possible to employ a titration analysis [68] in@rdo determine the exact surface density of these
groups, the analyses evidenced as carboxylic agate the main groups on the filler surface.
Moreover TEM micrographs evidenced a sharp shorteof the MWCNT length, i.e. a lower
agglomeration with the same preparation methodchefdample. This fact could be probably an
advantage during the dispersion because less enengg be required to destroy the agglomerates.
Moreover the treatment induced an increase of tiace area from 83 to 107%hy as effect of
oxidation effect of HN@that removed the impurity [168].
Despite the treatment on MWCNTSs, the compositesedamn PVOH89p and oMWCNT still
evidenced a very high agglomeration, that was gdfrtreduced with the help of a surfactant, i.e.
SDS. Even if the dispersion would be easier in canigpn to uMWCNT, more investigations are

required to understand the solution mixing of thegstems. Several works [105, 169, 170] found
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that the solution quality, i.e. the final dispersiof the composites in this case, was strongly
influenced by the type of carbon nanotubes andastafts and by their concentrations: the work
conducted on the system PVOH89p-oMWCNT-SDS-wates waloubtedly not enough to obtain a
good filler dispersion condition. The concentratioh PVOH89p in the aqueous solution, for
example, could be a very important parameters Isecdlbe presence of PVOH changes the
surfactants solution equilibrium and then becatseviscosity of the system is increased and more
energy for the dispersion is required.

On the other side the silane modification treatndidtevidence no results. If silane chains were
linked to the MWCNT surface, a new degradation pba#l to be present in TGA [152, 153]:
unfortunately the TGA curves remained the samededrfor o MWCNT before the treatment. This
fact, i.e. no reaction, were probably related vilib too low hydroxyl content on the MWCNT
surface: the silanes have a too low kinetics with ¢arboxylic acid that were the main groups on
OMWCNT. To improve these reactions would be neagssa employ a preliminary reduction

treatment to convert the carboxylic acids to hygitr@xoups [73, 74].
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9 Conclusions

The EWF parameters combined with microscope obsensindicate that the fracture behaviour
of HDPEQ9-CB composites is strictly dependent an @B type, on the level of dispersion of the
filler in the polymer matrix and on the degradatajrthe polymer matrix. In particular:

» only if the filler is relatively good dispersed ethiracture toughness markedly increases in
comparison to unfilled HDPEQ9 matrix;

« if a minimum degree of dispersion is achieved, ighdr the specific surface area of the CB
as higher the improvement of the toughness. Morethe dispersion of CBs with higher
specific surface area is more difficult;

» the increasing fracture toughness of the HDPEOS:Q@mBposites is caused by the increasing
microcavitation phenomena induced by the CB duitiregcrack propagation;

» finally the absolute value of the fracture touglmesaluated with the specific essential
work of fracture depends on the HDPE matrix that camdergo a thermo-mechanical

degradation during the extrusion process.

The creep behaviour of the HDPE based compositelieenced by the filler dimension (if the
same aspect ratio, i.e. the shape, is the samepaiiticular this work investigated the creep
behaviour of composites filled with Cu powders &1isk.

From a general point the filler results to subs#édigtincrease the creep resistance of the HDPE
matrix. This effect is detectable in the linear caslastic region (i.e. at low stresses or
temperatures), and it becomes more and more eviléhé non-linear viscoelastic or viscoplastic
region (i.e. at high stresses or temperatures)eblar the creep resistance results increased as the
filler dimension decreases. While this effect istja constant reduction of the creep compliance in
the linear viscoelastic region, it become stroraye stronger in the non-linear viscoelastic region.
In particular the creep life results increasing éimel creep rate decreasing as the filler dimension
decreases.

The filler particles probably act as physical lmgipoints that hinder the movements the polymeric
chains, i.e. they reduce the creep deformation. Wthe filler dimension decreases and the filler
content remains constant, the points of physicédinig increases and the reduction of mobility of

the polymeric chains under stress become strongestaonger.
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As for the filler particles with low aspect ratithe addition of a small amount of MWCNTSs
(PMWCNT or uMWCNT), that have high aspect rationhceeduces the mobility of the host
polymeric chains and this blocking effect substdhtiincreases the creep resistance of the HDPE
matrix. The key factor is the degree of dispersibthe filler into the matrix:

» if a minimum degree of dispersion is achieved, dreep resistance increases in the linear
viscoelastic region (i.e. at low stresses or tewrupees) or at least it do not decrease.
Otherwise (i.e. in the case of a poor dispersiba)dreep resistance decreases;

» even if the degree of dispersion is not good, tlee resistance increases in the non-linear
viscoelastic or viscoplastic region (i.e. at higfesses or temperatures).

The former phenomena are probably related the teféécthe poor dispersion, i.e. slipping
phenomena occurring the filler particles; while tlest phenomena are probably related to

rearrangements of the filler in the polymeric mainduced by high stress.

The production of composites with uUMWCNT evidences the key factor is the dispersion
processing: the starting uUMWCNT are too agglomekrak®or this reason an oxidation treatment
with boiling HNO; was employed: the main effects were the introduactf carboxylic groups on
the MWCNT surface and the reduction of the lengttabably an initial lower entanglement level
would reduce the problems related to the fillepdrsion.
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