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Characterization of nanocomposites for OPL appboat

ROBERTO VAN GELDEREN LOPEZ

Department of Material and Manufacturing Technology
Surface and Microstructure Engineering

Chalmers University of Technology

ABSTRACT

This project concerns the characterization of nangaosites of ferrite oxide
(NiFexO4) and carbon black in poly-metal methacrylate (PMMér optical power

limiting (OPL) applications. This is due to theiomlinear optical properties and
behavior at nanosize.

Polymers show an improvement in properties whewy #ne alloyed with nano-fillers.
The polymer-based nanocomposites which are use@Rar applications need to be
characterized for particle distribution in relatiauith their optical properties, milling
time and particle concentration.

To determine the particle distribution, the fraetigurface was analyzed by SEM.
Some samples were also dissolved in order to anlgstigate the particles in the
SEM. Sample preparation required for SEM invesiogatis presented and the
difficulties that occur along the process are dbsd.

Keywords: Nanocomposites, Optical Power LimitindsMy Mechanical Alloying,
Particles.
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Preface

In this study, characterization of polymer nanocosifes was performed. The work
has been carried out between April and July 2013a$ of a research project
concerning non-linear optical properties of polymanocomposites. The project is
carried out at the Department of Materials and Macturing Technology, Chalmers
University of Technology, Sweden in collaboratioithaF.O.I., the Swedish Defense
Research Agency, Sweden.

This part of the project has been carried out bypd®im van Gelderen Lopez as a
experimentalist and Professor Uta Klement as sigumtvAll tests have been carried
out in the laboratory of the Department of Matexiahd Manufacturing Technology
at Chalmers University of Technology. | would like thank my coordinator, Uta

Klement, Raquel De Oro, Yiming Yao and Ruth Ariitw their eternal patients and

help along this project.

Goteborg, September 2013

Roberto van Gelderen Lépez.
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1 Introduction

Optical Power Limiting (OPL) material are of impamnce in different fields like
computing, protecting sensors from lasers [1], feitaptical computing [2] and eye
protection against high power laser [1]. The malaamtage of this kind of materials
is its self-activated behavior with high intengghts; it is decreasing the transmittance
with an increase in light intensity [1, 3]

The incorporation of nanocrystalline metallic pelgs in a polymer matrix improves

the optical properties of the metallic nanoparscd the mechanical characteristics
of the polymer [4]. Providing materials with goodeohanical and optical properties
will meet the requirement for OPL application.

2 State of the art

This literature research provides a descriptiornthef different factors that affect the
optical properties of the nanocomposites, as weslltlae procedures used for
investigating them. Also, the state of the art witthe research field is described.

2.1 Effect of the particle parameters on the optical
properties

The particle parameters (content, size, distrilytetc.) affect the optical and non-
linear optical properties of the nanocomposites Aoiharrow particle size distribution
is required to improve the optical properties [Rlhas been described by Srivastava
[4], that it is difficult to reach a homogeneoustjzde distribution in the polymer.
However, a similar surface polarity of matrix arahoparticles helps in dispersing the
particles in the polymdp].

Different kinds of studies have been carried outéscribe the interaction of such
nanocomposites with visible light. Transparency godd transmittance in most of
the visible spectrum is required for achieving Qitbperties. In case the material is
intended to act as a protection against green lagdy the transmittance has to be
limited at a wavelength of 532 nm [3].

2.1.1 Transparency

Transparency is one of the requirements for OPLerradt Light scattering in the
composite is responsible for the loss in transpargd, 6]. It is affected by particle
size, the quality of particle dispersion and iseirsely affected by particle content.
The light scattering is mainly caused by the dédfere in refractive index between
polymer matrix and the particles, which is direathyated to density variations [6].
Transparency is also affected by surface rougheskng as surface roughness is in
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the submicron range, it does not influence trarespar, but whenever the roughness
gets larger transparency decreases. Additionally,ganic particles can increase the
crystallinity of the polymer matrix and decreasee thransparency due to
inhomogeneous nucleation [6].

2.1.2 Light transmittance

Light transmittance is defined as the percent ofdent light that goes through the
media, in this case the nanocomposite. The tratemo#, as the light scattering, is
affected by the difference in refractive index [6lowever, for small particle size
(normally < 25 nm) this mismatch is negligible. Hogger particles, the difference
must be reduced to avoid scattering [2]. It is affected by the amount of particles
in the nanocomposite, i.e. an increase of the gdartcontent reduces light
transmittance through the composite [3].

As mentioned before, for applications as greernrlpsgtection, the wavelength must
be limited. This limitation is associated with peld size (single particles and
agglomerates), size distribution, distribution fBjd the amount of particles in the
composite [4]. The particle size and the particleoant act on the absorption shift,
while at the same time the particle size distribmutinfluences the strength of the
quantum effect for a particular wavelength [2]. @nfibgeneous patrticle distribution is
required to offer a uniform behavior along the entiomposite.

2.1.3 Haze and clarity

The difference between haze and clarity is the eamghge in which the light is

scattering. A wide angle range means more hazeaandrrow angle range means
more clarity [7]. The main parameter that acts @zehis the difference in the

refractive index between the polymer matrix andghsicles. Haze increases with the
particle content because of the scattering andatdin of the light. In contrast, clarity

iIs mainly affected by the particle size and the ami@f agglomerates present. It is
not affected by the difference in refractive indék

2.2 Optical power limiting materials

The best optical limiters are those which are parent for low energy laser and
opaque for high energies. In OPL materials, thetiing threshold is a significant

parameter. For a better optical limiting resporsségw value of the optical limiting

threshold is required which decreases with an asmen particle size [8].

Optical power limiting is a result of the non-limeaptical response of the nano-
materials [8]. For this application different maa¢s have been studied as matrix
material and as nanofiller.
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2.2.1 Matrix

For OPL applications, a high transparency and gguictal properties are important
for the matrix material, since transparency losd @gcur when the nanofillers are
included. Also of interest are good mechanical ggernce and low price. Of the
different materials offering these properties torenor less extend, glasses, ceramics
and polymers have been studied. Ceramic and gtassas&rix material can enhance
the mechanical, thermal and optical properties roalk particles [2]. However, a
polymer matrix offers a better behavior when ic@npared with inorganic glasses,
i.e. it shows a lower weight and a better impaetrgjth [6].

After deciding for a polymeric matrix material, theis still a choice to be made
between poly methyl methacrylate (PMMA), polycaraten (PC), polystyrene (PS)
and chitosan based on their transparency and mieahgmoperties. Analyzing the
different polymers and comparing their propertissraatrix material, PMMA seems
to be best suited.

All of the materials present high transparency #j] well as good dimensional
stability [3, 9] and mechanical properties. Thetfiproblem appears with the higher
light sensitive of PC and PS; they turn yellow doske their mechanical properties
when being expose to light (UV light for P(®]. The PMMA shows better optical

properties than PC and PS, as well as a highecitgrihan PS and a lower price than
PC [9]. In addition, the PC is hydrophilic in caagt to PMMA which is hydrophobic,

resulting in larger particle agglomeration in th@ B].

The mentioned polymers are synthetic petroleumdaséymers. Hence, they show
poor biodegradability and are influenced by theiataims in the petroleum market
that is showing an incipient price rise [10]. Usitigtosan as biopolymer offers some
advantages as availability, low price, biodegralitgtbiexcellent film forming, etc. It
also has the disadvantage of having poor mechapicglerties and low thermal
stability, rigidity, etc, limiting its use for mangpplications [10]. However, chitosan
presents interesting properties when it is alloy&tht nanoparticles, i.e. a low weight
percent of alloying additions have a high impactmechanical properties, barrier
properties and higher transparency. This improvendepends on the nature and
surface functionality of the nanofillers [10]. Th&gest problem with chitosan is the
difficulty to produce transparent nanocompositesjuiring its dissolution in other
materials e.g. acetic acid [3].

Nowadays, PMMA seems to be the best choice as mataterial for OPL
applications. Nevertheless, chitosan can be thardupolymer for this kind of
applications.

2.2.2 Fillers

The most important fillers used in this kind of hpgtion are the nickel iron ferrite
particles, carbon black and fullerenesgdCInvestigations have also been performed
with noble metals, alumina, and silica. Howeveryadhe results from using nickel
iron ferrite and the carbon black as fillers widl Biscussed here.
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2.2.2.1 Nickel iron ferrites

The spinel ferrites showed good results when thesevanalyzed for OPL properties
in microemulsions and nanoparticle suspensions T8y show high corrosion
resistance, high electrical resistivity and exaapl magnetic properties at high
frequency. The nonlinear properties can be coetlolby a magnetic fields [8].
Thomas et al. [8] have stated that there is aiosldtetween the particle size and
physical and chemical properties in the nano rabge.to the broad range of possible
applications, many investigations concern also ritegnetic behavior of NikR©,
particles.

As can be seen in Fig.1, the Njbg is an inverse spinel where the divalent cation
(Ni*?) and some of the trivalent cations {Bewill take the octahedral holes while the
other trivalent cation will occupy the tetrahednalles [11]. The high-energy milled
NiFe,O, has a nanostructure with a low concentration @f ications on tetrahedral
sites. Spin canting and the mechanically inducemhghs in cation distribution are
responsible for its structural and magnetic disofd@]. The difference in magnetic
behavior of bulk and nanosized nickel ferrite idated to the structure, i.e.
nanoparticles present core-shell morphology withirear aligned core spins and a
shell which shows a spin glass structure [13, T&p structure flexibility of spinel
ferrites allows a broad range of physical behaVibgs.

Figure 1: Inverse structure NiFe204[15] Printed wit the permission of the authors.

The nanocomposite performance is correlated with a@ll the nanoparticles are
dispersed in the matrix and the nature of the nagmetic polymer [13]. The

magnetic behavior of the nanostructured particeselated to the manufacturing
process of the powder [14, 16], the particle intéoas and the particle size [16, 17].
The patrticle size is related with the magnetic beavathrough the critical diameter,

D.. If the particle size is larger than the criticgmeter, the particles present multi-
domain structure (areas with uniform magnetizaaos divided by domain walls); in

case the particle size is below the critical disnet single domain structure is
established (all spins are oriented in the sanextian in the particle).

There are differences between bulk and nanostegtti@rrites that affect the behavior
of the material. The bulk ferrite shows ferrimagoetbehavior, while
superparamagnetic behavior is found in milled ferfil2]. When the powder is
annealed over 600 K, recrystallization sets in #mel material loses the special
properties that the nanostructure offers [12].
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The milled nickel ferrites show different behavioelow and above the blocking
temperature (d), which is defined by different factors like tharpicle’s size, the
effective anisotropy constant, the magnetic fielgpleed and the experimental
measuring time, increasing; Tor a shorter measuring time [17]. Below the blagk
temperature, the magnetic moments are blockedemtiag a remanent magnetization
and coercivity. However, aboveg,T the nanoparticles become single magnetic
domains when being under the critical diameter tvmormally is 10-20 nm [17].
They are then free to move and align with the magrfeeld present, exhibiting
superparamagnetic characteristics like absenceystetesis, nearly zero coercivity
and remanence [13]. It is also important to mentibat Superparamagnetic
nanoparticles do not tend to form agglomeratesoamrtemperature [17]. Even at
high magnetic fields, the particles do not presattration, which indicates a hard
surface pinning and a spin glass effect [13] that lbeen associated with a
magnetization reduction [17].

Thomas et al. [8] have studied different ferrites ®PL properties using nanosecond
laser pulses at 532 nm and established that the(dls properties are found for the
ZnFe0, instead of NiFgD, due to a better nonlinear optical response witbwaer
optical limiting threshold for the same particleesi

2.2.2.2 Carbon black

Carbon black is the result of an incomplete combuosbr thermal decomposition of
gaseous or liquid hydrocarbons under specified itiond, and is different from black
carbon or soot [18]. For OPL applications, the oarlblack is mainly studied in
suspension (CBS) or placed on a microscope sli@&)C

The mechanism governing the limiting behavior i tarbon black suspensions
(CBS) and carbon black particles deposited on gl&@&G) is nonlinear scattering
[19-21]. This nonlinearity is explained by the dulteating of the particles that leads
to vaporization and ionization of the particlestniotng a microplasma that rapidly
expands [19, 20]. But also the internal structuréhe particles influences the optical
behavior of the material [22].

The limiting effect that the carbon black offersanges when the laser is focused on
the same position of the sample, since the pastiate ionized and vaporized, after
irradiation. Hence, they are not effective any midr@]. It is important to take into
account that this is valid for laser firing timgsn@ano- and microseconds.

2.3 Mechanical alloying

The milling process is connected with the reductmin the particle size and
distribution of the particles in the polymer matrikhis process is of highly non-
equilibrium nature, providing the possibility to pnove and/or modify chemical and
physical properties [12].

During milling, fracture and cold welding of therpeles can be anticipated, leading
to a crystallite size reduction [13]. The glass penature should not be reached to
keep a good dispersion of the particles [1] andliaggration must be minimized
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because it might act as crack initiator in the cosife due to stress concentrations
that are created [23]. Different milling processes be used, e.g. high-energy ball
milling at normal or cryogenic temperature and palting.

2.3.1 Pan milling

A special pan milling technique used to obtainatditre composite powders has been
developed and described by Xu et al. [24]. Using ttechnique for studying
composites of polypropylene (PP) and iron, a higie seduction (97,8% after 30
milling cycles) and a good particle distribution sveeached in the matrix after the
pressing process. A better size reduction was eetigZhen a mix of particles and
polymer was milled instead of only polymer [25].

In this process, a higher amount of coarse pastiate present due to pulverization of
large particles and agglomeration of the smalleesonDuring the process, an
equilibrium state of both pulverization and aggloat®n can be reached. The
agglomeration causes a delay in the counter-grindnocess. However, Canhui et al
[25], stated that after the"8milling cycle a large size reduction takes plaaiso
oxidation of the iron particle surfaces occurs,semliby the presence of air during
milling.

2.3.2 High energy ball milling

2.3.2.1 Normal temperature

For high-energy ball milling, a better homogenefythe product is achieved when
increasing the milling time [1]. Also, a decreaseP&MA molecular weight [6], a
smaller particle size as well as an increase ofnteehanical properties and thermal
stability of the polymer is established [3]. Wheickel ferrite powder is processed
with this method, its magnetization decreases duwsrains introduced in the particle
surface. This stress increases the irregularitieshe magnetic moments on the
surface, leading to a further increase of anisgtriopthe particle’s shell [16]. With
respect to the particle dispersion, a better resuitbe reached when the polymer and
the particles were milled together and the tempesadoes not reach the glass
transition temperature of the polymer [3].

However, for small particle size (5-8nm) the sieduction is negligible after milling
[13]. Normal temperature milling has higher impaat the molecular characteristics
of the polymer and reaches an almost mono-dispadecular weight distribution
[26].

2.3.2.2 Cryogenic temperature

Cryogenic milling has been studied for differenhds of materials, from spices to
metals and polymers, using low-temperature gasé§. [Rlilling at very low
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temperature causes important changes in polymeziemals such as a decrease of the
molecular weight in PMMA and PET [28]. Also, a retlan in the required energy,
an increase in production rates, and lower damagthe milling equipment are
achieved [27].

Increasing the milling time, the particles showedtér dispersion in the polymer and a
higher molecular interaction [28], an increasehi@ porosity but no significant impact
on the tensile strength of the polymer is achige&ql.

2.4 Coating for non-conductive materials

When a conductive coating is required for perfogn8EM investigations, different
materials can be used. The most common coatingsagib®en, gold, silver, platinum,
palladium, and chromium [30]. A brief comparisonvibeen them is given below but
focus will be on gold and carbon coatings.

The heavier elements like gold and silver offerettdy image quality due to a high
secondary electron production. Still, the coatingrtiples tend to migrate and
coalesce, decreasing the macroscopic conductiVitere is also a risk that some
details of the surface are lost [30].

For high resolution images, elements with smaltiglar size are necessary. For this
case, platinum, chromium and osmium are the besbrap However, for high
resolution SEM, platinum and chromium have stillmeasurable grain size but
osmium shows better results since only a 1 nm thagkr is needed for achieving
sufficient conductivity [30].

When applying a gold coating, the plasma treatraedtthe gold layer have different
effects on the polymer. Kotal et al. [31] descritee effect on polyethylene

terephalate (PET) where the plasma treatment iseseahe surface oxygen
concentration and the surface wettability. Howevmth decrease with time. The
decrease of the surface wettability is due to theact with the atmosphere, resulting
in a higher reduction in samples treated for mbamt30 seconds [31].

The gold sputtering increases the roughness ofptilgmer surface keeping the
topography almost intact; increasing the microhassnand decreasing the elastic
modulus in the plasma treated samples. These faotay be related with the cross-
linking that the plasma discharge causes, incrgatiie difficulty for the metal
particles to diffuse along the polymer. A good aibe between the coating metal
and the polymer depends of the metal-polymer iater{31].

A carbon coating is of interest for microanalysigedo its transparency and electrical
conductivity [30, 32]. The visible light transmittee is quite low in films made in
pure argon but it increases substantially when doyein is added during the sputtering
(between 1 and lower than 10 percent) [32]. Thi#ohadight transmittance is better at
lower sputtering power. However, the difference whsing higher sputtering power
is so small that it is preferred because of théebebhechanical properties that can be
achieved [32]. The higher impulse voltage decreisesoughness across the surface
because of a higher ionization and the carbon ¢oas$ the surface with more energy
but also increase the internal stress [33].
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2.5 SEM for non-conductive materials

There are different ways to study polymers in SHdlv voltage (with and without

coating), high voltage (degrades the sample) amibia pressure [34]. The SEM
studies on composites were performed on fractufases [23, 34], where the particle
distribution is easier to be observed and otheormétion like loading history,

extension of process zones, etc. [34] can be deduce

For non-conductive materials, a good conductivitierothe surface is required to
avoid image charge build-up [23, 34]. Especiallg thecondary electron imaging
mode has a tendency to charge the sample [23]nénease of the beam voltage also
enhances the charging effects. To compensateifoetihancement, a higher chamber
pressures is needed which in turn increases thse evel and leads to a decrease In
resolution. On the other hand, a lower beam voltH#grs a worse description of the
surface relief [34]. Texture information and redmn are related with the SEM
parameters; resolution is related in a non-lineay with the parameters [34].

Investigations carried out by Hein et al. [34] mated and un-coated samples by use
of AFM show an insignificant variation of the topaghy of the samples for coating
thicknesses lower than 25 nm but also leads toeease of the size of objects at the
surface. However, this is valid for magnificatidoser than 7000x since the coating
layer cannot be observe. For high magnificationcbeting thickness must be known.
Nevertheless, it has been found that a 6 nm thoelig layer is enough for most of
the polymer samples [34].

3 Materials and procedure

3.1 Material

In this study, the materials being investigatedcaon black, nickel iron ferrite and
PMMA. However, only the producer of the nickel irderrite and of one of the
PMMA materials is known. All the nickel iron fereitnanoparticles were provided by
NanoAmor Nanostructured & Amorphous Materials, Inc. (Appendix B).There are two
different PMMA materials used in the composite sk®pOne PMMA, provided by
Lucite International Co. (Appendix A)is used in the following samples: G000O,
P1600, P1605, P1610 and G1210; the other PMMA wasgiged by an unknown
company. The specific data for each material i¥igex in the appendix.

The samples without name (Table 1) show some congion from the container in

which the milling was performed. Rust was presarthe container contaminating the
sample and affecting the transmittance of the namposites [3]. In Table 1, the
studied samples are provided.
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Table 1: Filler content and milling time of the sanples investigated in this study
(* Values taken from T. Faury’s Master thesis [3])

UV-vis spectroscopic
Milling time meaSI{rement Samples
(transmittance at names
532 nm)*
0,01 10,75% -
S
0,005 23,29% -
4000 11,19% -
0,1 12000 - G1210
16000 - P1610
4000 29,12% -
0,05
16000 - P1605
4000 62,46% -
0,01
6000 66.67% -
0 - G0000
Not alloy 0
16000 - P1600

3.2 Procedure for performed studies

The following procedure was used for the invesiogatof all samples. Different
factors required changes in the preparation stéfpmut affecting the samples. These
changes are due to the sensibility of some prapargiarameters, especially in the
carbon sputtering.

Often, no particles were seen in the SEM imagesickle some samples were
dissolved in acetone in order to study a thinngedaf composite with higher particle
content. After dissolving the sample and when ehaacetone has evaporated, some
drops of the remaining solution were deposited amieroscope slide until all the
acetone evaporated. First, the obtained samples wgéudied in the optical
microscope. Afterwards, the samples were invesgtidyat the SEM after applying a
thick coating layer (15 sec sputtering time). Arcederating voltage of 10 kV was
applied together with a working distance of 4 mnmedilim/big spot size was used to
reach good image quality at 20 000x magnification.

The steps used for preparing the samples are givEable 2.
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Table 2: Procedure for SEM studies

Sample

cutting
Sample |
fracture

Diamond saw.
Water as cooling
liquid.

At least 2 minutes
in liquid nitrogen.

Isopropanol

8 seconds of

Cover the sample to avoid surface scratches.
Avoid high pressure on the holder.

Use small amount of liquid nitrogen to avoid
excess of evaporation.

Submerge sample in Isopropanol and apply
pressured air.
Contact surface between graphite sticks has

sputtering. to be as small as possible.
- =1cm between - A conductive wire has to be painted between
the graphite and the fracture surface and the holder.
Carbon the sample. - Use a white paper to check the coating

coating

thickness.
Sputter coater S150B with carbon
evaporation S150 from company Edwards.

1- Voltage: 5kV until 1- When the voltage is increased a better
s . 5000x then 10 kV. definition is reached but charging highly
canning . :
Working distance: increases.
Electron . . e [
Mi 7-8mm - At 10 kV, better image quality with bigger
icroscope : : . :
Medium spot size. spot size is achieved.
(DSM 940A . e
2- Voltage: = 2 kV. 2- Not useful for high magnification (< 5000x)

from the

company
Zeiss)

Working distance:

2-3 mm.
Small spot size.

because of really low image quality but for
lower magnifications (25000x) good image
quality is achieved at any spot size.

For low voltage a smaller spot size provides a
better image

4 Results and Discussion

From this investigation, different information albahe nanocomposites and their
characterization in the SEM was achieved.

The results were influenced by the sample premaratie. how long the sample was
submerged in liquid nitrogen before it was fractlird/hen a short time was chosen,
the images observed in the SEM show white circlesoanding fragments of
polymer (see Fig. 2). When the samples were traatéue liquid nitrogen for longer
times the white circles disappear and a less palyiregments was seen on the
fracture surface. Additional SEM images of sampléX) after being treated shorter
and longer times the liquid nitrogen are providedthie appendix.

CHALMERS, Material and Manufacturing Technology Thesis 2013 11



Figure 2: SEM image of sampleP1610 (Beam voltage5kV; working distance: 12mm).

After a suitable procedure for the fracture of sk®mpwith liquid nitrogen wa
established, thesamples were compared with respect to milling patan. All
samples made by the same milling process, i.eepsod in Table, showed the sanr
characteristic (Fig.)3which was very different frorthe other samples (process B
Table 3). It is assumetiat magnetic particles and/or agglomerates linduwmng the
milling (magnetic attraction) and ttparticle chains remain in the sample during
pressing process. It needs to be mmned that what is seen in Fig. are
particles/agglomerates coverby polymer. However, due to the low amount
particles, the chains of particles are not obseoftsh
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Figure 3: SEM image of fracture surface of sample P16..

Samples P1610, P1605, P1600, G1210 and GOOO0O aaonimared. All of them wet
produce by the same process, however milling tipeticle content and initi
material (granule or powder) was changed. Thertbaspossibilitytha: the features
seen in Fig. 3appear during breaking of the sample after coalnbquid nitrogen.
However, the fact that the chains are seen indhgkes with fillers made by proce
A indicates that the milling process alter the negnbehavior of the nanoparticles
a simiar way as described by Nathani etf[16] and Sepelak et al. [L4

Table 3 Differences between the sample preparation routd and B

- Samples with pattern (A) Samples without pattern (B)

- Alumina containers with 2 alumina - Container with 3 steel
balls. balls.
Mechanical - Period of 4000 s of milling without - The milling stops every 5
alloying stop. min to cool down the
- No cooling process after each container with nitrogen.

milling period.

The low thermal conductivity of the alumina con&&irand the long milling tim
(12000 s and 16 0G9 in periods ¢ 4000 s) without cooling down may ha
increased the temperature of the powder insidectmainer. 'he emperature of
different samplesvas measure by Thanon et[1] and it never exceeds <C but the

CHALMERS, Material and Manufacturing Technology Thesis 2013 13



moment when the samples were measure is not sgEeah the real temperatt
during processing is unknov

Knowing that the powder inside the container doet neach the recrystallizatic
temperature of the NiF®, (=600 K) [12], the bange in magnetic behavioas to be
the result of particlsize and particle interacti16, 17] The initial particle diamete
was 2030 nm. Milling without cooling of the powder redwscthe cold work in bot
the particles and the polymer. is leads to softening of the polymer as resulthef
increasing temperature and loss of the efficierfdyh® proces{1]. Thus, particle siz
is reduced less and the sir-domain structure is not achieved. Since
superparamgnetic behavior is not reacl, the tendency for particles agglomerat
is increased [17]The magnetic behavior is also affected by millinge since i
increases the molecular interacti[28]. These factors could alter the magns
behavior of the nanoparticles allowing the cls to occur that are seen in F3.
Therefore, when the samples without fillers (P1&0@ GO000) were analyzed,
chains were observed but the samples show the saume fragments seen in t
samples with fillers (NiF,O4 and carbon black). Those fragmeiiFig.4) were first
thought to be particles but were identified as pwy by their size, quantity ar
presence in the samples without fillers. Fragmentdifferent size were seen in .
samples at high magnificatic

Figure 4: SEM image of fracture surface of sample P1600 stwng polymer fragments.

All samples made with help of process B have low millimes and low particl
content. The fracture surface after cooling witfuld nitrogen ismore irregular ar
brittle thanthe other fracture surfaces of sampmade by process with longer
milling time andhigher particle contents. Fig shows a low magnification (200
SEM image of the sample PMMA + 0,01% N,O,4 4000s.
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Figure 5: SEM image of the fracture surface of smple PMMA + 0,01% NiFe,O4 4000 s

When a higher magnification is used, the same r fragments can be seen. Figi6
shows them at 5000x maification. Fragments of different sizean be seeand the
smallest ones can be easbe confused with particles.

Figure 6: SEM image of the fracture surface of sample PMMA+ 0,01% NiFe204 4000

CHALMERS, Material and Manufacturing Technology Thesis 2013 15



In connection with the literature research, songgsestions about a better proces
produce this kind of nanocomposites can be n

In order to produce a good OFnanocomposite for protection against green |
light, the following properties must be providedgtn transparency, clarity and Ic
haze, light transmittance in the visible spectrum lbmited transmittance at certe
wavelengths, e.g. above 532 nm. o, good mechanical properties, low price .
thermal stability are sought since the material foakave enough strength to aw
fracture and good thermal stability (due to thétidissipation heat is generated in
composite).

How these propertiesarelated with the nanocomposite parametre shown in Fig
7. It can be seen that particle size is one of thetrmportant parameters. Its cont
is required for achieving OPL properti

Required
properties

Light . Magnetic
'Pa r'tlclejs ol Particle content Particle size
distribution content
. . Refractive index Refractive index Particle
Particle size . . . .
difference difference interaction

Refractive index

Particle size

difference

Figure 7: Main properties of an OPL nanocomposite.

Most of these parameters are determined by the mecharlloging parameter
(milling process and milling time) but particle dent and refractive index differen
can be chosen by the producer. However, the refeattdex difference is negligib/
if the paricle size is lower than 25 n([2]. In Fig. 8, it isshown how the differer
parameters depend on process param
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. . Refractive index . Particle
Particle size . Particle content . .
difference interaction
Milling process Initial particle size BEPENCS fr°”.‘ L il L s Milling time
used materials producer
Milling process
Milling time

Figure 8 Material parameters and their dependence on pros parameters

Particle

distribution

Milling time

From Fig.7 and 8 it is clear that the most impdrttep during the production of tt
kind of nanocomposite ithe mechanical alloying. A careful definition of thelling
is required in order to reach the desired prope!

The first decision to be taken concerns the mdsergand their content in tr
composite. Once this is decided, the charactemstibe maerials before the millin
will help to define proper milling parameters inder to reach the soug
characteristic after the milling proc. From T. Faury’s MSc thesis][3t can be seen
that less than 0,1% of nanofillers is enough to achi®®. response while son
materials require an even lower amount, carbon black. In the case of carbon bl
in PMMA | this is due to the large difference in refraciiveex[6].

To determine the milling parameters, it is impott@nremember that cold work is t

main principle that defines the milling processt fat, a low temgrature or a prope
cooling is required to avoid a reduction in thelimg efficiency[1] andto prevent the
softening of the polymer. From the literature reskathecryogenic high energ
milling might be the best option. Due to the lownfeeratur, there is no need fc
additional cooling of the container and a lowerlimg time ispossibl. The cryogenic
high energy milling increases particle interactiand porosit that might chang

magnetic behavior [28nd mechanical operties, respectively. IRig. 9, the effect
of increasing milling time is see In order to select the milling time, it is importan

know theinitial size of the particle. A particle size which does ntgad to magneti

behavior and removdbe refractive index difference (< 25nm) betweetymer and
particles make easier tébtair a good OPL nanocomposite.

CHALMERS, Material and Manufacturing Technology Thesis 2013 17



Improve particle

distribution
Superparamagnetism

Reducing magnetism in sizes smaller than
10-20 nm

: o Decrease particle size
Increasing milling

time Increasing Limiting Worsening OPL
Threshold Value response

Increase particles Affecting magtenism
interaction of the particles

Figure 9: Effect of increasing milling time

From the MSc thesis of T. Fau[3], it can beseen that for the same particle cont
a higher milling time increases the light transamtte at 532 nm and for the sa
milling time, a decrease in the particle contemréases light transmittance. Cart
black has profound influence on the OPL pirties even at low particle conte

The most important decision at the time when produthe polymer nanocomposit
is the dependence of mechanical alloying parametersontent, distribution arsize
of the particles aftemilling. A high enough millig time is needed to improve t
distribution and to reduce the particle sizwvoiding magnetism without maj
increase of the limiting threshold value and theigle interaction. This milling tims
depends on the milling process and the particléetn
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5 Summary and conclusions

The homogeneity in the distribution of fillers ihet polymer matrix is strongly
influenced by the milling parameters and the pkrtsze. Therefore, the production
of polymer nanocomposite requires special carénénmechanical alloying stage in
order to reach the properties needed for a good @Bhonse. Overheating has to be
avoided to maintain milling efficiency.

This project addressed the microscopical examinationanoparticle distribution by
use of a DSM 940A SEM. The results obtained alloawvjgling some hints for future
studies:

- The SEM image quality can be improved by using bgdn (1 to 10 percent)
during the carbon coating. Presence gitreases the carbon layer transmittance
and thicker coating layers can be applied. Thedriglarbon content provides a
more conductive surface with less charge build-ng affers the possibility of
using higher beam voltages for high magnifications.

- During the observation of the samples with the SENgw accelerating voltage is
better for low magnification images with a smalldnen spot size. On the other
hand, for the higher magnifications10000x approx.) a high beam voltage with a
medium/big spot size offers an improvement in thage quality.

CHALMERS, Material and Manufacturing Technology Thesis 2013 19



6 Future works
The future steps in this field can be as follows:

o To study the particle distribution in the polymea, better analysis
technique would be Transmission Electron MicroscOpyM).

o EDS analysis can be performed to state the preseinbBFe,0O, in the
observed chains and to confirm the presence ofnpaiyfragments in
samples containing no nanofillers.

o Compare the OPL response for ZpBge nanocomposites with NiE@,
nanocomposite to prove the better response stgtétidmas et al. [8].

o Compare the effect of cryogenic high energy milliagd the normal
temperature high energy milling (with and withowioting down) on the
OPL response of nanocomposites.
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8 Appendix

A) Poly methyl methacrylate properties framcite international Co

I L S L

-Melt flow index 1SO 1133 Gms/10mins
1SO 3068
OPTICAL
___
___
MECHANICAL
Tensile strength ___

-Elongation [£9527

el il ___
-Flexural strength ISO 178

z0d impact strength ___
-Charpy impact strength ISO 179/1eA Kj/m?

GENERAL

—_—_ T ——

-Rockwell hardness IS0 2039-2 M Scale

(H 961/30)

Mould shrinkage ___

ISO 62

-Water absorption

Fammabily ___
Co9521
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B) Nickel iron oxide fromrNanoAmor Nanostructured & Amorphous Materials,

Inc.
R
% 98

Average particle size (APS) [k 20-30
2
Specific Surface Area (SSA) L 59
ER Dark brown
Morphology . Nearly spherical
3
Bulk density g/cm 0,89
3
gfem 5,368

C) SEM images from the different mechanical alloyimggess

0 Process A (Alumina container with alumina balls

= Sample P161

Figure 10: P1610-> Beam voltage: 5 kV &Working distance: 7mm.
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Figure 12: P161(-> Beam voltage: 5 kV &Working distance: 7 mrr.
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Figure 14: P161(->Beam voltage: 10 kV &Working distance: 7 mrr.
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D

Figure 16: P161(>Beam voltage: 10 kV &Working distance: 5mm.

CHALMERS, Material and Manufacturing Technology Thesis -



* P1610 without a proper time in the liquidnitrogen

Figure 18: P161(->Beam voltage: 5 kV &Working distance: 12mm.
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Figure 20: P161(->Beam voltage: 5 kV & Working distance: 7 mm.
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Figure 4: P160t->Beam voltage: 5kV & Working distance: 5 mn.
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1I.I'I"|
Figure 5: P160t>Beam voltage: 10 kV & Working digance: 5mm.

i . il G

Figure 6: P160t>Beam voltage: 5 kV & Working distance: 5mm.
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Figure 8: P160(->Beam voltage: 5kV &Working distance: 6mm.
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Figure 9: P160(->Beam voltage: 5kV& Working distance: 6mm.

« G1210
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Figure 12: G121(->Beam voltage: 10kV & Working distance: 6mn.
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10 ﬁm

Figure 13: G120(->Beam voltage: 5kV &Working distance: 5Smm.

Figure 14: G120(->Beam voltage: 5kV & Working distance: 5mm.
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Figure 15: G120(->Beam voltage: 10kV &Vorking distance: 5mm.

Process B(Container with 3 steel balls:
* NiFe;040,01% 4000

s e

Figure 16: NiFe,04 0.01% 4000s»Beam voltage: 5kV & Working distance: 6mm.
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Figure 18: NiFe,0, 0.01% 4000->Beam voltage: 5kV & Working distance: 6mn.
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R o R LT L=t g ¥4 P |
Figure 19: NiFe,0, 0.05% 4000->Beam voltage: 5kV & Working distance: 6mn.

Figure 20: NiFe,0, 0.05% 4000->Beam voltage: 5kV & Working distance: 6mn.
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Figure 21: NiF&0,4 0.05% 4000->Beam voltage: 5kV & Working distance: 6mm.

* NiFe;040,01% 6000

Figure 22: NiFe,0, 0.01% 6000->Beam voltage: 10kV &Working distance: 7mm.
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Figure 24: NiFe,0, 0.01% 6000->Beam voltage: 5kV & Working distance: 7mn.
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Carbon black 0,01% 12000

-

Figure 26: Carbon black 0.01% 12000->Beam voltage: 5kV & Working distance: 7mn.
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Figure 27: Carbon black 0.01% 12000->Beam voltage: 5kV &Working distance: 7mm.

e Carbon black 0,005% 1200C

e : - e

Figure 28: Carbon black 0.005% 12000->Beam voltage: 5kV& Working distance: 6mm.
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A,

Figure 30:Carbon black 0.005% 1200C->Beam voltage: 10kV&Working distance: 6mm.
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