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Abstract

Nanoparticles are applied in polymer matrices besmawf building up an inorganic IPN
network resulting in a simultaneous increase dfress and toughness provided that a good
degree of nanoparticle dispersion with a very lawoaint of agglomerates can be realized. In
order to prevent agglomerates, the incorporation wénoparticle containing liquid
dispersions into polymer matrices using appropriatgrusion technology is needed. SO
nanoparticle containing dispersions were incorpein polyamide 6 (PA 6) via twin screw
extrusion using a special liquid feeding systemisldemonstrated that agglomeration of
nanoparticles must be suppressed during the extnuprocess, and that the nanoparticles
have to cross over from the dispersing agent (Wadtethe polymer matrix melt in which they
have to be well distributed. The respective feeding extrusion technologies are presented
in this paper. Additionally the resulting mechanig@ensile and Charpy impact) and
morphological (SEM) properties of those nanocontgssare discussed. The impact strength
could be slightly improved with strongly enhanceding’s modulus.

1 Introduction

Stiffness of thermoplastic polymers can be incréasa reinforcement with microparticles
but at the time impact and tensile strength ammast cases reduced. Nanoparticles however
are in the position to increase stiffness, impaength and tensile strength simultaneously
[1]. The extraordinary properties of nanocomposttepend on their huge built-in interfacial
surface area. Thus, the interface/interphase piepeanay become the dominant part of the
macroscopic behavior of the nanoparticle-modifie@lymer composites, changing also the
molecular mobility of polymer network. Furthermoecreasing the particle size decreases
also the average interparticle distance at constahtme fraction, leading to a potential
network structure based on filler-filler interaci® [2]. The effect of nanoparticles on
mechanical properties depends on their dimensgins, surface area, surface chemistry and
interaction as well as distribution within polymenatrix. In case of low filler-matrix
interaction, debonding occurs, which leads to migids as function of agglomerate size,
where stresses can be concentrated. Only homogdgetistributed nanoparticles have the
potential to increase the impact strength [1]. €hare two different ways to produce
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nanoparticle containing polymer nanocomposites: Thmst popular one is the
deagglomeration of nanoparticle agglomerates byhar@cal dispersion techniques in order
to gain homogeneously distributed primary parti¢tep-down) [3-17], the other pathway is
the bottom-up technique using in situ processgedduce nenoparticles e.g. sol-gel process
[3,18]. Amongst the many different ways to prodyeeticle-reinforced thermoplastics, the
most important one is the continuous extrusion gged19]. Research has shown that shear
energy input doing extrusion process is not sudfitito break up all the agglomerates not
even when multiple extrusion processes are apdk€i?1]. Thus, the incorporation of
nanoparticle containing dispersions within extrasgrocess offers several advantages. The
nanoparticles have to cross over from one medigpédsion) to another one (polymer).
Nanoparticles for itself bear a potential healtbkrin form of a powder (top-down). The
extent of the health damage risks cannot be esttndéfinitely, thus contamination with
nanoparticle powder should be avoided. In caseotibm-up this kind of potential health risk
will be avoided. In contrary to top-down where npl# extrusion steps have to be performed
in case of bottom-up only a single extrusion stepnécessary to distribute the already
produced nanoparticles.

2 Materials and testing methods

2.1 Materials

In case of PA 6, Ultramid B 24 N 03 from BASF, arsuercially available light stabilized
polyamide 6 was used. The applied nanoparticle edsspns were on the one hand a
commercially available Si©containing dispersion with a mean particle size26f nm
(Nanopol XP 20/0170 from Nanoresins GmbH) (Figure)l. The filler content of the
dispersion — in this paper called Nanopol - is 3441% (41.56 wt%). On the other hand a
bottom-up spherical shaped Si@anoparticle containing dispersion was used. Tdréigte
size is 50 nm in water as dispersing agent (Figurb)). This nanoparticle containing
dispersion called Si&Sol is produced via sol-gel technique in househwat particle
concentration of 5.05 vol% (10.48 wt%). The respecpH-values of the two dispersions is
9-10.
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Figure 1. SiO, nanoparticles from the dried nanoparticle disperga) Nanopol; b) Si©Sol).

2.2 Extrusion

Before extrusion, PA 6 was dried for 24 h at 80fCcase of extrusion, a co-rotating twin
screw extruder from Berstorff GmbH was used. 6 ka/polymer was fed via high precision
gravimetric feeder (K-tron Deutschland GmbH) angger to be processed at 250°C and 200
rpm. After the melting zone the nanoparticle camiag dispersion is fed into the extruder
cylinder via an excenter pump (type 3 RD 12-H frdiecotec GmbH, Germany). The water
is extracted both via sidefeeder atmospherically eacuum pump (Figure 2). The screw
mainly consists of mixing elements (Figure 3).
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Figure 2. Build-up of the extrusion process with dispersieading in the extruder cylinder.
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Figure 3. Screw design for adding nanopatrticle dispersionkimiextrusion process.

As a reference we used PA6 extruded once with yater in comparison to the respective
PA6-nanocompositestable 1 gives an overview of the used dispersions appiredhe
respective extrusion.

The string resulted from a 4 mm die was cooled iwaer bath, pelletized, dried and
injection-molded (Allrounder 320, Arburg GmbH) tetdest specimens for impact and tensile
testing.

SiO, concentration in  theé Used nanoparticle dispersion Dispersion mass flafh]
resulting nanocomposi
[vol%]
- - 0
- Water 2.34
0.43 Nanopol 0.2
1.47 Nanopol 0.36
1.78 Nanopol 0.46
2.44 Nanopol 0.64
4.67 Nanopol 1.27
8.14 Nanopol 2.5
0.33 SiQ-Sol 0.53
0.55 SiQ-Sol 0.98
0.71 SiQ-Sol 15
1.01 SiQ-Sol 2.34
1.80 SiQ-Sol 2.9

Table 1. SiO, PA6-nanocomposites with the end filler concentraproduced from the given dispersions and
the respective dispersion mass flow.

2.3 Charpy impact strength

Before mechanical testing the specimens were @ti&d°C for three days.

The Charpy notched bar impact strength was measgenrding to DIN EN ISO 179 on a
pendulum-type impact testing machine (CEAST GmbiHie specimens were of type 1 with
a notch of type A.
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2.4 Tensile Tests

Before mechanical testing the specimens were ati&d°C for three days.

Tensile tests were performed at room temperatureinggction-molded specimens in
accordance to DIN EN ISO 527-2 standard on a usalelesting machine (Zwick GmbH
model 1485).

2.5 Scanning Electron Microscopy (SEM) and analgsdispersion index

Polished surfaces were analysed using an electrcnosoope (Supra 40 from Zeiss and JSM
6300 from Joel) via detecting the backscatteriregtebns. Fracture surfaces were scanned
with a secondary electron detector. All samplesewarated with gold using a Sputtering
Device (SCD - 050, Balzer AG). The SEM-images wamnalysed with an image analysis
software by which the number of agglomerates anel §or Nanopol > Jum; for SiG-Sol >

0.5 um) were measured. From these results the dispeirsiteex was calculated according to
equation (1) [22]:

D=1-fo 2 (1)

Am Mano

with

D 2 dispersion index

A 2 area of the agglomerates
Am £ area of the image

f 2 shape factor

Dnano 2 Volume fraction.

2.6 Definition of the shape factor

The shape factor f will be calculated with a sdethicontrol compound containing a well-
defined dispersion of particles based on a defitddme content. Therefore, we used a nano
reinforced PA 6 composite with no dispersion whiah be set to zero regarding dispersion
index.f can be calculated by solving the equation (2).

f=(- D)M (2)

In our casd was set to 0.63.

2.7 Thermal properties
The filler content was analysed via thermo gravimoeanalysis (TGA). The material was
heated with 10 K/min from 40 to 550 °C, maintainthg temperature at 550 °C for 40 min.

3 Resultsand Discussion

Figure 4 represents the SEM image of with Nanopleldf PA6 containing 1.78 vol% SO
nanoparticles. Figure 5 shows SEM images of PAé&dfilvith 1.80 vol% Si@Sol particles
produced via Sol-Gel. Sybol builds up more agglomerates than Nanopol ahesa
concentration range. Figure 6 shows the agglomeset@ and agglomerate number for
different size ranges. The Si3ol builds up more small agglomerates, whereasopian
builds up more big agglomerates. The lower the,&a filler concentration the better the
dispersion quality (Figure 7). For nanoparticle amtrations lower than 1 vol% the $iSol
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shows a better dispersion index than Nanopol natiofgs running through a maximum at
0.33 vol% with a dispersion index of maximum O0.6&nopol nanoparticles show a peak
with a maximum dispersion index of 0.52 at 1.7840l

Nanopol FliiDo 81
1.78 vol%

20 um : ; o 3 : " '- : / - : s “
Figure 4. 1.78 vol% SiQ nanoparticle content inFigure 5. 1.80 vol% SiQ nanoparticle content in
polyamide 6 from the incorporation of the Nanopgolyamide 6 from the incorporation of the $iSol
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Figure 6. Agglomerate areas and agglomerate numbers
filled PAS.

in aiesize range for Nanopol and $iSol

1.0
0.9
0.8
0.7
0.6
0.5
04

Dispersionsindex

0.3
0.2
0.1
0.0

0

@ Nanopol '
m Si02-Sol

2 3 4 5 6 d
particle concentration [vol%)]

9

Figure 7. Dispersion index of Nanopol and SiSol reinforced PA6 as a function of particle camcation.

Figure 8 represents the Charpy notched impact gitienf the two different kinds of

nanoparticles versus the particle concentratiotruging of the virgin PA6 slightly increases
impact strength. Incorporation of neat water in plodymer melt when extruding PA6 does
not affect the impact strength. The impact strengii not be reduced through the

5
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incorporation of neat water in the polymer meltdrporation of Si@ nanoparticles does not
decrease the impact strength of the ;S80I filled nanocomposites for small amounts of
SiOx-Sol. A slight maximum of impact strength occurs0d5 vol%. At 0.7 vol% a severe
decrease in impact strength starts, ending up8wd% with 1.68 kJ/rh which is a total
decrease of 37%. The Nanopol nanoparticles do miéogenerate an increase in impact
strength, but the decrease as function of partiolgent is minor, having a strong decrease
between 2.44 vol% and 4.67 vol%, ending up witbtaltdecrease of 45%.

4

e-Nanopol
= Si02-Sol
3 PAG

L s ] PAB (1x extr.)
_ fh: ,+_ %+ PAB+H20 (1x extr.)

Charpy notched impact strength
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Figure 8. Charpy notched impact strength versus the partioféent of Nanopol and SiBol incorporated
in PAG.

The extrusion and incorporation of water reducesittippact strength in the same amount it is
increased by extrusion without water. The S8dl nanoparticles generate a slightly higher
impact strength for 0.55 vol% than for Nanopol nzemticles having the same impact
strength than once extruded neat PA6. Nanopartidesease the impact strength. As neat
water incorporation does not show such a decraase,most probably the nanoparticles
originating this decrease. The higher the nanagartconcentration the higher is the
probability of agglomeration (Figure 7) and thuadimg to the observed reduction in impact
strength. The Charpy impact strength is smaller 300, filled nanocomposites whose
dispersion index is low as well. For Nanopol fillednocomposites the dispersion index is
increased and the Charpy impact strength is rediessddrastically.

The SiQ-Sol and Nanopol nanoparticles show a similar plarinatrix interphase which can
be seen in figure 9 and figure 10.

Nanopol Si02-Sol

200 nm ‘ L (1 200mm B TRt e
Figure 9. High resolution SEM image of a nanoparticle agglatee(Nanopol and SiBol) in PAG6.
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Figure 10. SiO,-nanoparticle gglomérates of $iBol and Nanopol particles embedded in a PA6 matrix
The agglomerate matrix interaction is good.

Figure 11-13 reveal the results of tensile test® Young’s modulus (figure 11) is increased
by extruding PA6 and by extruding PA6 with incorgiion of water. The addition of
nanoparticles increases the E-modulus linear bly mstng filler content. For low filler grades
we receive a local maximum at around 0.5 vol% fothbtypes of nanoparticles. Their
stiffening effect on the polymer seems to be indejat of the nanoparticle type in this case.
The tensile strength (figure 12) is reduced by ipocation of nanoparticles. The SiSol
nanoparticles reinforce the material to a highaemixthan Nanopol nanoparticles. Nanopol
nanoparticles show a maximum in tensile strengtd.44 vol%. Si@-Sol nanoparticles do
not show a well-defined concentration dependengyrusion of PA6 with or without water
does not influence the tensile strength. Againcew except water as the dominant factor for
the mechanical behaviour. The elongation at brégkiré 13) is reduced dramatically by
extruding and again by incorporation of water. Tin@rporation of nanoparticles decreases
the elongation at break. But the $i8ol nanoparticles show a maximum of elongation at
break at 0.55 vol%, Nanopol nanoparticles show aimam at 2.44 vol% with a reduced
elongation at break in comparison to neat PA6.
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Figure 11. Young’s modulus for Nanopol and SiO Figure 12. Tensile strength for Nanopol and $iSol

Sol reinforced nanocomposites versus particleinforced nanocomposites versus particle
concentration. The reference is neat PA6, oncencentration. The reference is neat PA6, once
extruded PAB, and once extruded PA6 including watextruded PA6 and once extruded PAG6 including water.
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Figure 13. Elongation at break for Nanopol and %iSol filled nanocomposites versus particle
concentration. The reference is neat material, exteided material and once extruded material
including water.

4 Conclusion

Figure 14 reveals a net diagramm of the mechapicgerties of the used references (neat
PAG6, PA6 once extruded, PA6 extruded with wated fgure 15 represents the results of the
three nanoparticle filled PA6 nanocomposites (S80I (0.55 vol%) and Nanopol (0.43 vol%,
2.44 vol%)) in comparison to the neat PA6. Figu#e demonstrates that the mechanical
properties of the extruded PAG6, with or without @ratare on the same level or even better
(Young's modulus) than the PA6 except for elongatad break. Figure 15 reveals that
besides the elongation at break the ;S80! nanoparticles for low filler contents and the
Nanopol nanopatrticles for higher filler contentspnove the mechanical properties of PA6
(Young’s modulus) or sustain the level. For lowdterf contents, however, Nanopol
incorporation reduces the tensile strength andteesuthe lowest elongation at break.
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Figure 14. Summary of the mechanical data of thEigure 15. Summary of the mechanical data of the

used references. Nanopol reinforced PA6 (two concentrations) and of
SiO,-Sol reinforced PA6 (one concentration).
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