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Summary

The use of composite materials in a variety of applications has increased considerably in the last
couple of decades. The main reason for this is that composite materials are lightweight materials
with high strength and stiffness, which makes them interesting as an alternative to other materials,
such as metals. For this reason, there is also significant activity on the development of composite
materials at FFI, with the main aim of utilising them in applications that are relevant for military
purposes. This also includes research on polymer nanocomposites, where nano-sized
reinforcements are employed.

Epoxy polymers are widely used in composites and adhesives. For use in many applications,
however, it is necessary to improve the material properties. One possible approach to improve the
properties of the material is adding inorganic particles to the polymer. This reinforcement may
modify mechanical properties, such as the stiffness, strength and toughness of the polymer
material.

In this study, the effect of adding 20 nm silica nanoparticles to two different epoxy polymers, one
amine-cured and one anhydride-cured, has been investigated. A commercial product of pre-
dispersed silica nanoparticles in an epoxy resin, Nanopox F 400, containing as much as 40 wt%
silica, was employed to reinforce the epoxies. The material properties of the neat epoxy polymers
and the silica/epoxy nanocomposites were investigated by tensile testing, dynamic mechanical
analysis (DMA), and indentation measurements. Particular emphasis was put on the measurement
of the elastic modulus of the materials, and the elastic modulus obtained by the three different test
methods was compared.

The elastic modulus of both epoxy polymers was increased by the addition of the silica
nanoparticles. The relative increase in the measured mechanical properties was higher for the
anhydride-cured polymer. For the amine-cured epoxy system, there was very good agreement
between the elastic modulus measured by tensile testing and DMA. The elastic modulus from the
indentation measurements was consistently higher. For the anhydride-cured epoxy system, there
was also, in general, good agreement between the elastic modulus obtained from tensile testing
and DMA. The indentation measurements, on the other hand, gave very different values. The
measurements also showed that part of the increase in the elastic modulus for the anhydride-cured
silica/epoxy nanocomposite could be due to a change in the polymer network structure, as
indicated by a change in the glass transition temperature.
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Sammendrag

Bruken av komposittmaterialer i mange konstruksjoner har gkt betydelig de siste par tidrene.
Hovedgrunnen til dette er at komposittmaterialer er lettvekts materialer med hgy styrke og
stivhet. Dette gjor dem interessante som erstatning for andre materialer, for eksempel metaller,
som blir benyttet i dag. Av denne grunn utvikles det komposittmaterialer ved FFI, og hovedmalet
er anvendelser som er relevante for militere formal. Dette inkluderer ogsa forskning pa polymere
nanokompositter, der forsterkninger av nano-starrelse blir benyttet.

Epoksypolymerer er mye brukt i komposittmaterialer og lim. For mange bruksomrader er det
imidlertid ngdvendig a forbedre materialegenskapene. En metode for & bedre
materialegenskapene, er a tilsette uorganiske partikler til polymeren. Denne forsterkningen har
potensiale til & endre mekaniske materialegenskaper, som for eksempel stivhet, styrke og
bruddseighet.

| denne studien har effekten av a tilsette 20 nm silika nanopartikler til to ulike epoksypolymerer
blitt undersgkt. En aminherdet og en anhydridherdet epoksypolymer ble benyttet. Et kommersielt
produkt med dispergerte silika nanopartikler i et epoksyresin ble benyttet som
forsterkningsmateriale. Dette produktet, Nanopox F400, inneholder sa mye som 40 vektprosent
silika. Materialegenskapene til de rene epoksypolymerene, og kompositter av silika og epoksy,
ble studert ved hjelp av strekktesting, dynamisk mekanisk analyse (DMA) og indentering. Det ble
lagt spesielt vekt pa elastisitetsmodulen til materialene, og stivheten malt med de tre ulike
teknikkene ble sammenliknet.

Stivheten til begge epoksyene gkte ved tilsetning av silika nanopartikler. Den relative gkningen i
de malte mekaniske egenskapene var starst for den anhydridherdede polymeren. For den
aminherdede polymeren var det god overensstemmelse mellom stivhet malt ved strekktesting og
DMA. Stivhet malt ved indentering la konsekvent hgyere. For den anhydridherdede polymeren
var det ogsa relativt god overensstemmelse mellom stivhet malt ved strekktesting og DMA.
Resultatene fra indentering var imidlertid sveert forskjellige. Det ble ogsa vist at stivheten til den
rene anhydridherdede polymeren kan endres nar blandingsforholdet mellom epoksy og herder
endres — indikert ved endring i glassomvandlingstemperaturen. Dette kan ha hatt innvirkning pa
den malte stivheten til komposittene laget med denne polymeren.
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1 Introduction

Epoxy polymers are widely used in engineering adhesives and composites. Epoxies have many
excellent material properties but for use in many applications, however, it is necessary to improve
these properties. To fully exploit their potential, the epoxy polymers therefore often need to be
reinforced by the addition of a particulate reinforcement. One such approach is to add inorganic
particles to the polymer. Inorganic particles have a much higher stiffness and hardness than the
polymer matrix, and they can be used to modify mechanical properties such as the stiffness,
strength and toughness of the polymer material [1]. In general, the mechanical properties of
particulate/polymer composites depend primarily on the particle size, the particle/matrix interface
adhesion and the particle loading. The stiffness depends significantly on particle loading, while
the strength and toughness are strongly affected by all three factors — particularly the
particle/matrix adhesion and thus the stress transfer between the particles and the matrix.

An alternative for the reinforcement of epoxy polymers is inorganic silica particles. One
commercially available product is the Nanopox from Evonik Hanse, which consists of 20 nm
silica particles that are pre-dispersed in an epoxy resin. The particles are produced in-situ via a
sol-gel process, and have a narrow particle size distribution. One main advantage of the Nanopox
products is that the nanosilica particles are excellently dispersed in the epoxy resin. This helps in
keeping the viscosity low, which is useful for processing and manufacturing purposes. A good
dispersion of the reinforcing particles in a polymer is also regarded as beneficial for the
optimisation of the mechanical properties of the composite. The presence of agglomerates will
limit the positive effects of adding particles to the polymer. The excellent dispersion of the
nanosilica from Nanopox F400 in an epoxy polymer is shown in Figure 1.1.

Figure 1.1 Atomic force microscopy images of an epoxy polymer containing 14.8 wt%
nanosilica showing good dispersion of the nanoparticles [2].

The nanosilica in the Nanopox product range has been shown to efficiently improve the
properties of epoxy polymers [2-8]. The toughness, the elastic modulus in tension and
compression, and the fatigue properties can be significantly improved. Particular focus has been
on the toughening effect of the nanosilica, and the toughening mechanisms that are acting.
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Improvements in strength have also been observed, although not as dramatic as the improvements
in toughness. The property improvements of epoxy materials have been reviewed by Sprenger
[9]. The nanosilica has also been used to improve the polymer matrix properties of fibre-
reinforced composites.

In this study, we have investigated the reinforcing effect of pre-dispersed silica nanoparticles in
an epoxy resin. The material used was Nanopox F 400. In addition to the above mentioned
advantages, unlike many other types of nanoparticles, one advantage of using Nanopox F400 is
that composites with higher volume concentrations of inorganic particles can be produced. This is
often not possible due to the high viscosity of other nanoparticle/polymer blends. The
silica/epoxy nanocomposites that were produced here, were investigated by dynamic mechanical
analysis, tensile testing, and indentation measurements. In all cases, the elastic modulus, i.e.
Young’s modulus, of the materials was determined, and the results of the three different test
methods were compared. However, little effort has been made to explain the mechanisms behind
the results that were obtained.

2 Materials

2.1 Epoxy resins

Two different epoxy polymers were investigated in this work; one amine-cured and one
anhydride-cured system. The amine-cured polymer was Araldite LY 556/XB3473, while the
anhydride-cured polymer was Araldite LY 556/Aradur 917/Accelerator DY 070. Both systems
are from Huntsman.

LY 556 is a standard bisphenol A based epoxy resin with an epoxy equivalent weight (EEW) of
183-189 g/eqg. XB3473 is an amine hardener containing two different diamines [10]. The active
hydrogen equivalent weight (AHEW) of XB3473 is =43 g/eq, see the datasheet in Appendix A.
Aradur 917 is methyltetrahydrophtalic acid anhydride hardener with an AHEW of 166.2 g/eq
[11]. DY 070 is an imidazole accelerator. Data for the cure kinetics of the Araldite LY
556/Aradur 917/Accelerator DY 070 system are available [11].

2.2 Nanosilica

A colloidal sol of silica (silicon dioxide, SiO,) nanoparticles in an epoxy resin was employed to
produce silica/epoxy nanocomposites. The Nanopox F400 was supplied by Evonik Hanse,
Geesthacht, Germany. The silica phase in Nanopox F400 consists of surface-modified silica
spheres with an average particle size of 20 nm and a very narrow particle size distribution. The
technical data sheet states a value of 295 g/eq for the EEW of Nanopox F400, see Appendix A.

The silica content in Nanopox F400 is 40 wt%, and the density of the silica is 2100 kg/m®. The

epoxy phase is a standard bisphenol A diglycidyl ether. Previous thermogravimetric analysis at
FFI has confirmed that the silica content in Nanopox F400 stated by the manufacturer is correct
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[12]. The silica/epoxy blend has a comparatively low viscosity due to the low degree of
agglomeration of nanoparticles in the resin.

3 Experimental methods

3.1 Specimen preparation

Plates of both the neat epoxy polymer and silica/epoxy nanocomposites were prepared. Prior to
preparing the composite plates, the effect of varying the amount of hardener was investigated (not
shown here). From dynamic mechanical analysis (DMA), it was found that this could
significantly alter the storage modulus and the glass transition temperature of the polymer phase
of the composites. It was also found that the EEW of the F400 was of importance. For both
polymer systems, it was the aim to avoid a large decrease in the glass transition temperature of
the composites.

The mixing ratio of the different components was determined from the EEW of LY556 and F400,
and from the AHEW of the two different hardener systems. Slightly different values of EEW and
AHEW, which were based on manufacturer and literature values, were assumed for the two
different polymer systems. (See Appendix A for recommended resin/hardener mixing ratios of the
two epoxy systems.) For the amine-cured polymer, it was assumed that the EEW of LY556 was
187 g/eq, and that the AHEW of XB3473 was 43 g/eq. For the anhydride-cured polymer, it was
assumed that the EEW of LY556 was 184.7 g/eq, and that the AHEW of Aradur 917 was 166.2
g/eq. On this basis, the formulations in Table 3.1 were established.

Plates of the neat epoxy polymers were prepared by first mixing the correct weight ratio of the
epoxy resin and the hardener (and the accelerator in the case of the anhydride-cured system),
according to the formulations in Table 3.1. After mixing, the blends were stirred manually using
at spatula, thereafter heated to 80°C and stirred thoroughly again. Finally, the blends were
vacuum degassed and cast in preheated metal moulds that had been coated with a release agent.
The plate thickness was 4 mm. The curing cycles that were employed were: (1) 2 hours at 120°C,
2 hours at 140°C, and 2 hours at 180°C for the amine-cured system, and (2) 4 hours at 80°C, and 8
hours at 140°C for the anhydride-cured system.

The procedure for producing plates of the silica/epoxy nanocomposites was similar to that of the
neat epoxy polymers, except that F400 was also mixed into the blends. Again, the formulations
given in Table 3.1 were prepared, resulting in plates with four different loadings of silica for each
polymers system. It was very difficult to remove all the air from the blend of the amine-cured
system. This was increasingly difficult with increasing content of F400. However, although the
blends contained some air, the cured composite plates seemed to be relatively free of air and
blisters by visual inspection.
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Table 3.1  Formulations used for preparation of the epoxy polymers and the composites.

Silica content Parts by weight of components

wt% vol%' LY556 F400 XB3473  Aradur9l7 DY070
Amine-cured system

0.0 0.0 100 0 23.0 - --

6.6 3.7 80 20 21.3 - --

13.4 7.8 60 40 19.6 - -

20.3 12.3 40 60 17.9 - -

27.5 17.2 20 80 16.3 - --
Anhydride-cured system

0.0 0.0 100 0 - 90.0 1.00

4.4 25 80 20 - 83.0 0.92

9.1 5.4 60 40 - 75.9 0.84

14.2 8.6 40 60 - 68.9 0.77

19.8 12.3 20 80 -- 61.9 0.69
3.2 Density

The density of the neat epoxy polymers and the composites were measured by immersion in water
according to ASTM D 792-08 [13]. Further information about the procedure is given in [10]. The
measurements were conducted with a Sartorius YDKO01 Density Kit combined with a Sartorius
analytical balance. Average values from six pieces were obtained. The pieces were taken from the
each of the broken test specimens from the tensile testing (see Section 3.5).

The volume fraction of silica, Vs;ica, in the composite was calculated from

3.1
Vv -W pcomposite ( )

silica — silica
silica

where Wiijica is the weight fraction of silica in the composite, peomposite 1S the density of the
composite, and psiica i the density of silica. Wg;;c, for each particular sample was calculated from
the formulations given in Table 3.1. It was assumed that no air was present in the samples.

A theoretical value of the composite density, peomposite,calcutated; €N be calculated from

1
pcomposite,calculated =
Wpolymer n Wiitica (3.2

ppolymer psilica

where Wyoymer is the weight fraction of polymer in the composite, and ppoiymer is the density of the
polymer.

! The volume concentrations of the cured materials in Table 3.1 are determined in Section 4.1.
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The silica content by volume, Vica, in %, is used to compare the test results in this report, since
the change in e.g. the elastic modulus of a composite material is usually reported as a function of
the volume fraction of the reinforcement.

3.3 Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed on a DMA 2980 Dynamic Mechanical
Analyzer from TA Instruments. Rectangular specimens with the dimensions 3 mm x 10 mm x 60
mm were employed. The specimens were polished for correct thickness. The analysis was
conducted in a three-point bending mode employing a low friction three-point bending clamp
with a specimen free length of 50 mm. The oscillation frequency was 1 Hz, the pre-load force was
set to 0.05 N, and the ‘Force Track’ was set to 150%. The specimens were heated from ambient to
200°C at a heating rate of 3°C/min. The value of the storage modulus, E’, was measured at a
temperature of 30°C, and the value of the glass transition temperature, Ty, of the epoxy polymer
was determined from the peak value of the loss modulus, E’’. Average values of three replicate
specimens are reported. Since a limited number of specimens were tested, the standard deviations
given for the DMA-results should be examined critically since they may not be representative.

3.4 Crosslink density

The molecular weight between crosslinks, M, for an unmodified thermoset polymer can be
determined from

log,, (E, /3)=6.0+293-p ., . /M, (3:3)

where M, has the units of g/mol, and E,, is the rubbery equilibrium tensile modulus in units of Pa,
see [4] and the references therein. M, for the neat epoxy polymers was determined. The value for
E, was determined from the plateau of the storage modulus in the DMA test at T, + 40°C. (As
mentioned above, the Ty is here defined as the peak value of the loss modulus.)

3.5 Tensile testing

Tensile testing was conducted on dumbbell specimens that were machined from the neat epoxy
and silica/epoxy nanocomposite plates. The testing was conducted according to the relevant ISO
standard [14;15] on a Zwick BZ2.5/TN1S material testing machine, employing specimens of type
1BA, see Figure 3.1 and Figure 3.2. The cross-sectional area of the narrow parallel-sided portion
of the test specimen was 4 mm x 5 mm. The specimens of the amine-cured system were used
without any further preparation. However, one side on some of the anhydride-cured specimens
was uneven, and this side was therefore polished for uniform specimen thickness. The polishing
did not have any influence on the intrinsic material properties.

The specimens were gripped in the broader ends and aligned so that the load-direction was

parallel to the narrow portion. A clip-gauge extensometer, which was used for recording the
strain, was thereafter attached, see Figure 3.3. The test speed was 1 mm/min. The most important
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properties that were determined, were the tensile modulus of elasticity, E;, the maximum tensile
stress, or the tensile strength, o, and the maximum elongation, or tensile strain at break, ey. E;
was determined from the linear part of the stress-strain curve in the strain range from 0.05% to
0.25%. Average values of six replicate specimens are reported. The ambient temperature during
the testing was 22 + 1°C.

In Appendix B, a figure showing typical stress-strain curves for different plastic materials is
displayed. It is indicated how the different tensile properties are determined.

h [

e I
| L
L
Dimensions in mm

I5 Overall length 100
Iy Length of narrow parallel-sided portion 30.0+£0,5
r Radius >30
I, Distance between broad parallel-sided portions 58 + 2
b, Width at ends 10.0+0.5
b, Width at narrow portion 50+05
h Thickness >2
Lo Gauge length 25.0+£05
L Initial distance between grips --

Figure 3.1 Dimensions of type 1BA test specimen in 1ISO 527-2:2012.

Figure 3.2 Tensile test specimen, type 1BA. The distance between the parallel lines is 30 mm.
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Figure 3.3 Experimental set-up for the tensile testing with the extensometer attached.

3.6 Indentation measurements

The indentation measurements were conducted on a DUH-211 Shimadzu Dynamic Ultra-micro
Hardness Tester. Prior to indentation measurement, a specimen of approximate size 10 mm x 10
mm was embedded in an epoxy matrix and polished until a smooth surface was obtained. An
initial rough polishing removed the top layer of the specimen, so that the bulk material was
exposed. The surface was then fine-polished for high smoothness.

Three different steps were followed during the indentation measurement. First, the specimen was
loaded at a rate of 0.5 mN/s up to the maximum load of 10 mN. The specimen was then held at
the maximum load for 30 s. Finally, the specimen was unloaded at a rate of 0.5 mN/s, and held at
0 mN for 5 s. The resulting indent in the specimen was inspected for any irregularities. The
indenter tip was made of diamond and had the shape of a Berkovich triangle.

Three properties from the indentation measurements are report here. The first is the indentation
modulus, Ey, which is determined from the slope of the tangent of the unloading curve. The
second is the indentation hardness, Hy, which is the projected area of contact between the indenter
and the sample. Hy, is a measure of the permanent resistance to deformation. The third, which is
also a measure of the hardness, is the Vickers hardness, HV*, which can be calculated from the
Hig:

HV*=0.0924 - H, (34)
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Average values of at least five parallel measurements are reported. (For the anhydride-cured
system, up to 27 parallel measurements were performed.) The ambient temperature during the
testing was 22 + 1°C.

It is referred to the user manual for further explanation of the test method and the measured
properties [16]. A typical load-displacement curve is shown in Appendix C.

4 Results

4.1 Density measurements and crosslink density

The density of the amine-cured epoxy polymer was 1159 kg/m®, see Table 4.1. The addition of
silica gradually increased the density to 1314 kg/m® for the composite containing 27.5 wt%. The
results were very reproducible, with a low standard deviation, thus indicating a uniform density
for the produced composite plates. The volume fraction of silica, here given as vol% in Table 4.1,
could then be calculated. Equations for calculation of volume fraction of silica and composite
density are given in Section 3.2.

The density of the anhydride-cured epoxy polymer was 1201 kg/m®, gradually increasing to 1312
kg/m® for the composite containing 19.8 wt% silica. The graphs in Figure 4.1 show that the
density increase was relatively similar for the two systems.

The measured density of the composites was very similar to the calculated density. This indicates
that the silica density of 2100 kg/m?®, which is stated by the manufacturer, can be assumed to be
correct. Nevertheless, the calculated density is consistently slightly higher than the measured
density, which may indicate that the silica density is slightly lower than the stated value. The
difference is, however, negligible. (The measured densities of the neat epoxy polymers were
employed in the theoretical calculations.)

The molecular weight between crosslinks, M, was higher for the anhydride-cured epoxy
compared to the amine-cured epoxy, see Table 4.2. Thus, the crosslink density was higher for the
amine-cured epoxy. This is as expected, since the amine hardener has a higher functionality. It
can also be seen that a higher glass transition temperature, T, generally indicates a higher
crosslink density. (E; for the composites will be affected by the presence of the silica particles,
and not only by the epoxy polymer network. Hence, M, for the composites was not calculated.)
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Table 4.1  Measured densities, p, and calculated densities, parcuiaed; @nd silica content, in wt %

and vol%, for the epoxy polymers and the composites.

Amine-cured system

Anhydride-cured system

wt% P 3 pcalculatagd vol% wt% P 3 pcalculatagd vol%
silica (kg/m”) (kg/m”) silica silica (kg/m”) (kg/m”) silica
0.0 1159+ 1 n/a 0.0 0.0 1201 £ 2 n/a 0.0
6.6 1191 +3 1194 3.7 4.4 1222 +1 1224 2.5
134 1228 +5 1233 7.8 9.1 1244 +1 1250 54
20.3 12701 1275 12.3 14.2 1275+ 2 1279 8.6
27.5 1314 +1 1322 17.2 19.8 1304 =1 1312 12.3
1350
I ¢ Amine-cured ¢ Anhydride-cured
I *
1300 | ¥ s )
a L o5 "
3 1250 7 - =
8 24 2T
1200 ¢~ e
I ¥
¢ )
1150 1 L 1 L L 1 L L L L 1 L L L L
0 5 10 15 20 25 30
Silica content (wt%)

Figure 4.1 Density, p, versus silica content, in wt%, for the amine-cured and the anhydride-
cured system.

Table 4.2  Glass transition temperature, Tg, density, p, tensile storage modulus in the rubber
plateau region, E,, and molecular weight between crosslinks, M, for the neat epoxy
polymers.

Ty P E M,
Epoxy polymer °0) (kg/m?) (MPa) (g/mol)
Amine-cured 186 £ 2 1159 +1 39.7+14 303
Anhydride-cured 155+ 0 1201 +2 32.2+34 341
FFl-rapport 2015/00366 15



4.2 Dynamic mechanical analysis

The DMA showed a linear increase in the storage modulus, E’, with increasing amounts silica in
the amine-cured composite, see Table 4.3 and Figure 4.4. The value increased from 2610 MPa for
the neat epoxy polymer, to 3700 MPa for the composite containing 17.2 vol% nanosilica. The T,
remained almost constant at around 186°C. However, a small decrease in T, was observed for the
composite containing the highest amount of silica. Examples of DMA-curves are given in Figure
4.2.

A linear increase in the storage modulus was also observed for the anhydride-cured composite, as
shown in Table 4.3 and Figure 4.5, where the value increased from 2990 MPa for the neat epoxy
polymer, to 3970 MPa for the composite containing 12.3 vol% silica. However, for this system
there was also a linear decrease in the Ty with increasing silica content. The decrease in T, was
from 155°C to 143°C. Examples of DMA-curves are given in Figure 4.3.

The decrease in T, for the anhydride-cured composite indicates a lower crosslink density, which
may contribute to some of the increase in E’. This effect was further investigated, and the results
are reported in Section 4.3. Also, the results from an under-cured composite with presumably
lower crosslink density are given in Appendix D.

Table 4.3  Storage modulus, E’, and glass transition temperature, T, of the epoxy polymers
and the composites.

Amine-cured system Anhydride-cured system
vol% E' Ty vol% E' Ty
silica (MPa) (°C) silica (MPa) (°C)

0.0 2610 = 30 186 + 2 0.0 2990 + 40 155+0
3.7 2870 =50 186 + 2 25 3240 + 40 154+1
7.8 3090 + 30 1871 5.4 3410 + 80 151+0
12.3 3370 = 60 185+1 8.6 3750 + 60 146 +1
17.2 3700 + 50 182+1 12.3 3970 + 100 143+1
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Figure 4.2 Typical DMA-curves for the amine-cured system.
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Figure 4.3 Typical DMA-curves for the anhydride-cured system.
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Figure 4.5 Storage modulus, E’, and glass transition temperature, T, of the anhydride-cured
system.
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4.3 Effect of resin/hardener ratio

The resin/hardener mixing ratio of the neat anhydride-cured epoxy polymer (Araldite LY
556/Aradur 917/Accelerator DY 070), was varied to investigate the effect on the elastic modulus
and the T. The active hydrogen equivalent weight (AHEW) of Aradur 917 is 166.2 g/eq, and the
recommended mixing ratio given by Huntsman is 100:90:1. On this basis, an epoxy equivalent
weight (EEW) of 184.7 g/eq was calculated for LY556, and this was used as a starting point for
the formulations given in Table 4.4. The results obtained from DMA and density measurements
of three replicate specimens are also given in the table.

The variation of the storage modulus, E’, and the glass transition temperature, T, as a function of
the amount of hardener, given in per hundred resin (phr), is shown in Figure 4.6. (The two
‘extreme’ formulations marked ‘NN’ in Table 4.4, have not been included in the figure.) As can
be seen from the figure, there is a linear increase of E” with increasing amount of hardener, while
T, is reduced when non-stoichiometric amounts of hardener are used. The Ty has a maximum
which is slightly below the assumed stoichiometric hardener content of 90 phr, at around 86 phr.
The value of this maximum may indicate that the stoichiometric amount of hardener is actually
slightly lower than 90 phr. Also, an excess of hardener results in broadening of the peak of the
loss modulus, E”’, see the DMA-curves in Figure 4.7.

If an excess of hardener is used, the result will be a reduction of the T, and an increase of E’. For
example, in the case that the Ty is reduced by 10°C, this will coincide with an increase of E” by
around 150 MPa.

It has also been shown in the literature that the properties of epoxy polymers could be
significantly affected by the curing cycle and/or the resin/hardener ratio, see e.g. [17-19] and the
references therein, and that a change in the value of the T, may be correlated to a change in the
elastic modulus. A lower T4 and higher modulus is often explained in terms of ‘free volume’. A
lower degree of curing can result in lower crosslink density, i.e. higher molecular weight between
crosslinks, which could result in higher packing of the molecular chains. In the results in Table
4.4, there is no obvious correlation between the molecular weight between crosslinks, M, and the
amount of hardener. There might be a small tendency of increasing M, that is, lower cross-link
density, with increasing amount of hardener. However, the scatter in the data is too large to make
any certain assumptions. There is, however, a tendency of decreasing density with increasing
amount of hardener.
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Table 4.4  Formulations used for preparation of the neat anhydride-cured epoxy polymers with

varying resin/hardener ratio. The results of the measured storage modulus, E’, glass
transition temperature, T, tensile storage modulus in the rubber plateau region, E,,
density, p, and molecular weight between crosslinks, M, are given.?

EEW Parts by weight of E' Ty E, o] M.
components (MPa) (°C) (MPa) (kg/ms) (g/mol)
LY556 Aradur9l7 DYO070
NN 100 112.5 1.22 3350 124 27.5 1210 368
164.7 100 100.9 1.12 3240 142 29.7 1203 354
174.7 100 95.1 1.06 3200 150 335 1201 336
182.5 100 91.1 1.01 3070 153 29.7 1204 354
184.7 100 90.0 1.00 2990 155 32.2 1201 341
187.0 100 88.9 0.99 3020 155 32.8 1201 339
194.7 100 85.4 0.95 2990 156 35.0 1198 329
204.7 100 81.2 0.90 2920 153 30.8 1198 347
NN 100 67.5 0.79 2920 146 31.2 1198 345
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Figure 4.6 Storage modulus, E’, and glass transition temperature, T, as a function of the

amount of hardener in the anhydride-cured system.

2 For some formulations, only two replicate specimens were tested. Standard deviations have therefore been
omitted from the table.
% The results for the two “‘extreme’ formulations marked ‘NN’ in Table 4.4 have not been included in the

figure.
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Figure 4.7 DMA-curves for the neat anhydride-cured epoxy polymer with varying
resin/hardener ratio. Hardener contents of 81.2, 90.0, 95.1, and 100.9 phr are
plotted.

4.4 Tensile testing

The tensile testing showed a linear increase in the elastic modulus, E;, with increasing silica
content in the amine-cured composite, see Table 4.5. The value increased from 2610 MPa for the
neat epoxy polymer, to 3680 MPa for the composite containing 17.2 vol% silica. The tensile
strength, oy, remained relatively constant, although the results show that the strength may have
been slightly improved at the highest silica contents. The tensile strain at break, &,, on the other
hand, is significantly reduced by the addition of the silica nanoparticles. The yield strength, g,
could not be determined since the specimens broke without yielding. Typical stress-strain curves
of the amine-cured system are shown in Figure 4.8. All test results are given in Appendix E. Also,
the tensile properties of the neat epoxy polymer are very similar to those obtained earlier using a
different experimental test set-up with a different specimen geometry [10].

A linear increase in the elastic modulus, E;, with increasing silica content was also observed for
the anhydride-cured composite, see Table 4.5. The value increased from 3030 MPa for the neat
epoxy polymer, to 4150 MPa for the composite containing 12.3 vol% silica. Thus, the elastic
modulus was higher for the anhydride-cured system. Also, the tensile strength, o.,, was gradually
improved with addition of silica to the polymer, whereas a minor reduction in the strain at break,
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&p, Was observed. Typical stress-strain curves of the anhydride-cured system are shown in Figure
4.9.

On the whole, the anhydride-cured system showed a more positive effect of the addition of silica,
particularly with respect to the increased elastic modulus, compared to the amine-cured system.
This is illustrated by the relative increase in the elastic modulus of the two systems, as shown by
the EJ/E;( graphs in Figure 4.10, where E;, is the elastic modulus of the neat epoxy polymer.

Table 4.5  Tensile test results for the epoxy polymers and the composites.

Amine-cured system Anhydride-cured system
vol% E; Om €, vol% E; Om €,
silica (MPa) (MPa) (%) silica (MPa) (MPa) (%)
0.0 261030 694 48=x0.6 0.0 3030+70 85+1 58=%05
3.7 280050 682 4.1x02 25 3280+50 89+1 57x04
7.8 3040+70 66+2 35+0.3 5.4 3530+100 89+2 49+0.7
12.3 331080 69+1 33%0.2 8.6 3800+90 88+5 43%11
17.2 3680+110 67+4 2.7+0.3 12.3 4150+80 93+0 5.1+0.3

Some of the tensile test results for the anhydride-cured system were considered erroneous and
have not been included when the average values in Table 4.5 were calculated. This had no effect
on the Ei-values. Examples of data that were considered erroneous are e.g. specimens that gave
unproportional low strain at break values. Although it has been assumed previously in this report
that no voids are present in the composites, a likely explanation for this behaviour is the presence
of defects or voids, or possibly surface defects, in the specimens.

80 |
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Figure 4.8 Typical stress-strain curves for the amine-cured system. The silica content is
indicated.
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Figure 4.9 Typical stress-strain curves for the anhydride-cured system. The silica content is

indicated.
15
¢ Amine-cured ¢ Anhydride-cured
14 | I 4
/’. g 2 )
13 [ T
o
wio [ e
w A
11 |
L ,« "’
1.0 4"
0’9_|\\\l\ll\\ll\l\\\l\l\l\l\l\l\l\\\l\\\l\
0 2 4 6 8 10 12 14 16 18 20

Silica content (vol%)

Figure 4.10 EJ/E;( versus silica content, in vol%, for the amine-cured and the anhydride-cured
system.
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4.5 Indentation measurements

The indentation measurements of the amine-cured system showed an increase in the indentation
modulus, E;;, with increasing silica content in the composite, see Table 4.6. The increase in E;
was close to linear, but there was a small tendency of an incremental increase with increasing
silica content. The value of E;; was 2820 MPa for the neat epoxy polymer, increasing to 3940
MPa for the composite containing 17.2 vol% silica.

For the anhydride-cured system, the development of E;; with increasing silica content is different,
as illustrated in Figure 4.11. Initially there is a plateau value at around 3500 MPa, and it is
noteworthy that the value for the neat epoxy polymer and the composite containing 2.5 vol% is
practically identical. Thereafter, E;; dramatically increases to a maximum value of 4420 MPa for
the composite containing 12.3 vol% silica. The reason for this behaviour is unknown.

There were some variations in the measured hardness values for the two systems, see Table 4.6.
The hardness at low silica contents did not differ significantly from the neat epoxy polymers.
However, the hardness was generally increased at the highest silica contents. All the available test
data are given in Appendix F.

Table 4.6  Results from indentation measurements of the epoxy polymers and the composites.

Amine-cured system Anhydride-cured system

vol% Ei Hit HV* vol% Ei Hit H\V/*
silica (MPa) (MPa) silica (MPa) (MPa)

0.0 2820+30 226+8 20.8+0.8 0.0 3500+ 100 247+17 22815

3.7 3010+20 222+8 20.6 0.8 25 3530 £ 20 250+£10 23.1+0.9

7.8 3260+40 241+8 22.3+0.7 5.4 3730 + 20 260+5 24.0+04
12.3 3560+10 2299 21.1+0.8 8.6 4140 £ 40 279+16 258+14
17.2 3940+20 263+13 243+1.2 12.3 4420 £ 60 290+26 26.8+24
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Figure 4.11 Indentation modulus, E;;, versus silica content, in vol%, for the amine-cured and the
anhydride-cured system.

4.6 Comparison of elastic modulus

The elastic modulus of the silica/epoxy composites was obtained by three different experimental
techniques, namely tensile testing, DMA and indentation measurements. The results are
summarised in Table 4.7. For the amine-cured system, there was very good agreement between
E;, measured by tensile testing, and E’, measured by DMA. Practically identical values were
obtained, when considering the experimental scatter in the measurements. However, it should be
noted that the tensile testing was conducted at room temperature, i.e. 22 + 1°C, while E” from the
DMA analysis was determined at 30°C. This has little effect on the anhydride-cured system.
However, due to the slope of the E’-curve, the value of E’ may be up to 50 MPa lower at 30°C
(compared to 22°C), for the amine-cured system. This effect should be taken into account when
evaluating the results. The E;; value, measured by indentation, conducted at 22°C, gave a value
that was consistently around 200 MPa higher than the E; and E’ values.

For the anhydride-cured system, there was in general good agreement between the modulus
values obtained from the tensile testing and the DMA measurements. There were, however, some
minor differences in the values for two of the composite specimens. The indentation
measurements, on the other hand, gave modulus values that were very different from the two
other techniques. For example, for the neat epoxy polymer, a value of 3500 MPa was obtained in
the indentation measurements, while a value around 3000 MPa was obtained in the tensile and
DMA measurements. The reason for this high value in the indentation measurements is unknown.

FFl-rapport 2015/00366 25



Table 4.7  Comparison of the elastic modulus obtained by tensile testing (elastic modulus, E),
DMA (storage modulus, E’), and indentation measurements (indentation modulus,

Ei).
Amine-cured system Anhydride-cured system
vol% E, E' Eq vol% E, E' Eit
silica (MPa) (MPa) (MPa) silica (MPa) (MPa) (MPa)
0.0 2610 +30 2610+30 282030 0.0 3030+70 2990 +40 3500 + 100
3.7 2800 +50 2870+50 3010 +20 2.5 3280+50 3240+40 3530 +20
7.8 3040+70 3090 +30 3260 + 40 5.4 3530+100 3410+80 3730 +20
12.3 3310+80 3370+60 3560+ 10 8.6 3800+90 3750+60 4140 + 40
17.2 3680+ 110 3700+50 3940 + 20 12.3 4150+80 3970+ 100 4420 + 60

For the anhydride-cured composites, some of the increase in the elastic modulus could be
attributed to differences in the resin/hardener ratio, and not merely as an effect of the silica
reinforcement. The DMA measurements in Section 0, showed that there was a decrease in the
glass transition temperature, T4, with increasing amount of silica. In Section 4.3, DMA
measurements on the neat anhydride-cured polymer showed that the storage modulus was
increased when the T, was decreased, as the result of excess hardener. A T-reduction of 10°C
gave an increase of E’ of around 150 MPa. Hence, it is likely that the T4-reduction for the
composites indicate that there is a change in the polymer network structure. It follows that part of
the increase of the elastic modulus of the composites is due to the altered polymer structure, and
not directly related to the silica reinforcement. This effect should be considered when evaluating
the elastic modulus of the anhydride-cured system. Nevertheless, the main part of the increase of
the elastic modulus will be a result of the silica reinforcement.

A similar effect is shown in Appendix D, for the composite that was under-cured. For the same
silica content, the under-cured composite have a lower Tg, higher E” and E;, and it is expected to
have a lower crosslink density, compared to the fully cured composite.

5 Conclusions

The material properties of two different silica/epoxy nanocomposite systems were determined by
tensile testing, DMA and indentation measurements. The elastic modulus of both epoxy polymers
was increased by the addition of silica nanoparticles. As a whole, the relative increase in material
properties was higher for the anhydride-cured system, compared to the amine-cured system.

There was, in general, relatively good agreement between the values of the elastic modulus
obtained by tensile testing and DMA. Thus, only one of the techniques, e.g. DMA, could be used
to get a reliable estimate of the elastic modulus of an unmodified or modified epoxy polymer.

The indentation measurements, on the other hand, gave values that were either slightly higher, or

very different, from the values obtained by the two other techniques. Indentation measurements
are suitable for measuring the elastic modulus of small specimens, much smaller than what is
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required for tensile testing or DMA, or small areas in the specimens. However, when doing so on
epoxy polymers, the result should be critically examined before drawing any conclusions.

Part of the increase in the elastic modulus of the anhydride-cured composites is probably related
to an altered polymer network structure, as indicated by the change in the glass transition
temperature. This factor should be considered when evaluating the elastic modulus of these
composites.
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Appendix A Material data sheets

A.1 Araldite LY 556 / Hardener XB 3473

HUNTSMAN

Ereizbnn ees tamugh imncaation

Advanced Materials

Araldite® LY 556* / Hardener XB 3473"

HOT CURING EPOXY SYSTEM

Araldite® LY 558 is an epoxy resin
Hardener XB 3473 is a formulated amine hardener

APPLICATIONS * Industrial composites
* Structural composites

PROPERTIES Laminating system

PROCESSING * Filament Winding
* Resin Transfer Moulding (RTM)
* Pressure Moulding
# Pultrusion

KEY DATA Araldite® LY 556
Aspect (visual) clear, pale yellow liguid
Colour {Gardner, 150 4620) <2
Viscosity at 25 *C (IS0 12058-1) 10000 - 12000 [mPa s]
Density at 25 *C (IS0 1675) 1.15-12 [g:'{:rnsl
Flash point (150 2718) = 200 [*C]
Storage temperature 2-40 [*C]

(see expiry date on orginal container)
Hardener XB 3473

Aspect (visual) clear yellow to brown liguid
Viscosity at 25 *C (IS0 12068-1) 0f - 145 [miPa s]
Density at 25 *C (150 1675) 0.e9-1.02 [afem®]
Flash peoint (150 2715) 121 [*C]
Storage temperature 2-40 [*C]

(see expiry date on onginal container)

STORAGE Provided that Araldite™ LY 556 and Hardener XB 3473 are stored in & dry place in
their onginal, properly closed containers at the above mentioned storage
temnperatures they will have the shelf ives indicated on the labels.

Partly empfied containers should be closed mmediately after use.

An achation fo dhe Brand name prooct denormination may show difenent appendioes | which siows us fo derendnle hefwean our arogucion shes:
ey, BD = Sermany, U5 = UnBeg Siales, (W = ndfa, OF = Ching, sic.. These sopendio=s ane iv use on packaphg, fransgond and involchng docoments.
Sensmaly the ame soecifoadions anoly for af versions. Pleare address any adotiona! nesd for clarffcadion do dhe appropnale Huntsmas oomdect.

Araldite® LY556 Hardener XB3473 Page 1of & 030772007
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HUNTSMAN

Freizhing ees tamugh imncvatiza

PROCESSING DATA

MiX RATIO Components Parts by weight Parts by volume
Araldite® LY 556 100 100
Hardener XB 3473 23 v
We recommend fhat the componenis are weighed with an accurate balance to
prevent mixing inaccuracies which can affect the properties of the maltrix system. The
componenis should be mixed fhoroughly to ensure homogeneity. It is important that
the side and the bottom of the vessel are incorporated into the mixing process.
When processing large quanfities of mixtwre fhe pot life will decrease due fo
expthermic reaction. it is advisable o divide large mixes into several smaller
containers.
INITIAL MIX rcl [mPa 5]
VISCOSITY LY 55678 3473 at 25 5200 - 6000
[{COMEPLATE at40 700 - 800
VISCOSIMETER)
POT LIFE [l ]
(TECAM, 23°C, Ly 55EMXB 3473 100 z2-37
B85 % RH)
GEL TIME PG [rmir
{(HOT PLATE) LY 558/%B 3473 at 120 88-78
at 140 35-43
at 160 18-23
at 180 B-13
The values shown are for small amounis of pure resin‘hardener mic. In composite
siruciures the gel ime can differ significantly from the given values depending on the
fibre content and the laminate thickness.
Araldits® L Y558 Hardener XB3473 Page 2 of 5 03072007
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HUNTSMAN

Freizbnn faes tamugh imncvation

PROPERTIES OF THE CURED, NEAT FORMULATION

GLASS TRAMSITION  Cure: Ts LY 556
TEMPERATURE XB 3473
{IEC 1008, 4 h B0°C +4 h 160°C 'l 162 - 1628
DSC, 10 KM 2 h120°C + 4 h 180°C "] 185 - 184
2 h 120°C + 2 h 180°C + 2h 200°C rcl 185-103
2h120°C + 2 h 180°C + 2h 200°C
+4h 220°C ] 187 - 185
GLASS TRANSITION  Cure: Ts LY 556
TEMPERATURE XB 3473
(IS0 721, 2h120°C + 2 h 140°C + 2h 180°C ] 176 - 185
DA, 2 KIMIN)
FLEXURAL TEST Cure:
(IS0 178) 2h120°C + 2 h 140°C + 2 h 180°C
Flexural strength [MPa] 110 - 120
Elongation at fiexural strength ] 55-8,5
Uliimate strength [MFa] 110 - 120
Uliimate elongation [%] 55-8,5
Flesural modulus [MPa] 2700 - 2200
FRACTURE Cure:
PROFPERTIES
BEND MOTCH TEST 2h120°C + 2 h 140°C + 2 h 180°C
(PM 258-0r80)
Fracture toughness Kz [MP=m] 0.70 - 0,85
Fracture energy Gy [Nm 180 - 220
PROPERTIES OF THE CURED, REINFORCED FORMULATION
Short beam: Laminate comprising 12 layers unidirectional
E-glass fabric (425 g/m®)
Laminate thickness t= 3.1 - 3.3 mm
Fibre volume content: 83 - 35 %
INTERLAMINAR Cure:
SHEAR STRENGTH  2h120°C+2h140°C+2h 180°C
(ASTM D 2344) Shear strength [MPa] 62 - 65
FLEXURAL TEST Curer
{150 178) 2h120°C+2h140°C +2 h 180 °C
Flexural strength [MPa] 1050 - 1250
Ultimate elongation [#6] 24-28
Flescural modulus [MPa] 40000 - 44000
Araldite® Y556 Hardener XB3473 Page 3of & 030772007
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HUNTSMAN

Freizhing ees tamugh imncvatiza

HANDLING
PRECAUTIONS
Personal hygiene
Safely precautions af workplace
protective clothing yes
gloves essential
arm protectors recommended when skin contact likely
goggles/safety glasses yes
Skin profection
before starting work Apply barrier cream to exposed skin
after washing Apply barrier or nourishing cream
Cleansing of contaminated skin
Dab off with absorbent paper, wash with warm water
and alkali-free soap, then dry with disposable towels.
Do not use sohwents
Dispossl of spilage
Soak up with sawdust or cotton waste and deposit in
plastic-ined bin
Ventilation
of workshop Renew air 3 to 5 times an hour
of workplaces Exhaust fans. Operatives should avoid inhaling
VApOUrs
FIRST AID Contamination of the epes by resin, hardener or mix should be treated immediately
by flushing with clean, running water for 10 to 15 minutes. A doctor should then be
consulted.
Material smeared or splashed on the skin should be dabbed off. and the
contaminated area then washed and treated with a cleansing cream (see above). A
doctor should be consulted in the event of severe iritation or burns. Contaminated
clothing should be changed immediately.
Anyone taken ill after inhaling vapours should be moved out of doors immediately.
In all cases of doubt call for medical assistance.
IMPORTANT LEGAL NOTICE

Huntsman Advanced Materials warrants only that its products meet the specifications agreed with the user.
Typical properties, where stated, are to be considered as representafive of current production and should not be
treated as specifications.

The manufacture of materials is the subject of granted patents and patent applications; freedom to operate
patented processes is not implied by this publication.

While all the informafion and recommendations in this publication are, to the best of Huntsman Advanced
Material's knowledge, informafion and belief, accurate at the date of publication, NOTHING HEREIM 15 TO BE
COMNSTRUED AS A WARRANTY, WHETHER EXPRESS OR IMPLIED, INCLUDING BUT WITHOUT
LIMITATION, AS TO MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. IM ALL CASES, IT
IS THE RESPONSIBILITY OF THE USER TO DETERMIME THE APPLICABILITY OF SUCH INFORMATION
AND RECOMMENDATIONS AND THE SUITABILITY OF ANY PRODUCT FOR ITS OWN PARTICULAR
PURPOSE.

The behaviour of the products referred to in this publication in manufacturing processes and their suitability in
any given end-use environment are dependent upon wvarous condifions such as chemical compatibility.
temperature, and other variables, which are not known to Huntsman Advanced Materials. It is the responsibility

Araldits® LY556 Hardener XB3473 Page 4 of 5 03072007
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of the user to evaluate the manufactring circumstances and the final product under actual end-use
requirements and to adequately advise and warn purchasers and users thereof.

Products may be toxic and require special precautions in handling. The user should obtain Safety Data Sheets
from Huntsman Advanced Materials containing detailed information on towicity, together with proper shipping,
handling and storage procedures, and should comply with all applicable safety and environmental standards.

Hazards, toxicity and behaviouwr of the products may differ when used with other materials and are dependent
on manufacturing circumstances or other processes. Such hazards, towicity and behaviour should be
determined by the user and made known to handlers, processors and end users.

Except where explicitly agreed otherwise, the sale of products referred fo in this publication is subject to the
general terms and conditions of sale of Huntsman Advanced Materials LLC or of its affiiated companies
including without Emitation. Huntsman Advanced Matenals (Europe) BVBA, Huntsman Advanced Materials
Americas Inc., and Huntsman Advanced Materials (Hong Kong) Ltd.

Huntsman Advanced Materials is an international business unit of Huntsman Corporation. Huntsman Advanced
Materials trades through Hunisman affiliated companies in different counfries including but not limited fo
Huntsman Advanced Materials LLC in the USA and Huntsman Advanced Materials (Europe) BVBA in Europe.

Araldite is a registered trademark of Huntsman Corporation or an affiliate thereof.

Copyright ® 2007 Hunisman Corporation or an affiliate thereof. Al rights reserved.

Main Office :

Hunfsman Advanced Materials [Switzerland) GmbH
Kiybecksirasse 200

A5 BASEL

Swizerand

+41 61 966 3333
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A.2 Araldite LY 556 / Aradur 917 / Accelerator DY 070

Advanced Materials

Araldite® LY 556* / Aradur® 917* / Accelerator DY 070*

HOT CURING EFPCXY MATRIX SYSTEM

Araldite® LY 556 is an epoxy resin
Aradur® 917 is an anhydride hardener
Accelerator DY 070 is an imidazole accelerator

HUNTSMAN

Enriching lives through innovation

APPLICATIONS

High performance composite paris

PROPERTIES Anhydride-cured, low-viscosity standard matrix system with extremely long pot life.
The reactivity of the system is adjustable by variation of the accelerater content. The
system is easy fo process, has good fibre impregnation properties and exhibits
excellent mechanical, dynamic and thermal properties. It has an excellent chemical
resistance especially to acids at temperatures up to 80 °C. This epoxy system fulfills
MIL specifications R 9300.

PROCESSING Filament Winding
Pultrusion
Pressure Moulding

KEY DATA Araldite® LY 556

Aspect (visual)

clear, pale yellow liquid

Colour {Gardner, 150 4630) =2

Epoxy content (IS0 3000) 530-545 [eq/kg]
Viscosity at 25 *C (IS0 12058-1) 10000 - 12000 [mPas]
Density at 25 °C {130 1675) 1.15-1.20 lafcm?
Flash point (150 2719) =200 [*C]
Aradur® 917

Aspect (visual) clear liquid

Colour {Gardner, 150 4630) =2

Viscosity at 25 *C (IS0 12058-1) 50 - 100 [mPas]
Density at 25 °C {150 1675) 1.20-1.25 [afem?]
Flash point (IS0 2719) 145 [*C]
Accelerator DY 070

Aspect (visual) clear liquid

Colour (Gardner, 150 4630) =9

Viscosity at 25 *C (IS0 12058-1) =50 [mPa s]
Density at 25 °C {150 1675) 0.95-1.05 [gfcm3]
Flash point (IS0 2719) g2 [*C]
Storage temperature 2-40°C [*C]

isee expiry date on original container)

I In addition to the brand name product denominstion may show diferent appendices | which allows us fo diferenfiafe between our production sifes:

eg, BD = Gemmany, US = Unied Sfafes, N = India, (I = China, efe.. These appendices are in use on

Generally the same specifications apply for all versions. Plasse address any additional nesd for clarification fo the sppropriafe Huntsman contact

Araldite® Y556 Aradur® 917 Accelerator DY0T0
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STORAGE

Provided that Araldite® LY 556, Aradur® 917 and Accelerator DY 070 are stored in a
dry place in their original, properly closed containers at the above mentioned
storage temperatures they will have the shelf lives indicated on the labels. Partly
emptied containers should be closed immediately after use. Because Aradur® 917 is
sensitive to moisture, storage containers should be venfilated with dry air only.
Araldite® LY 556 which has crystallized and looks cloudy can be restored to its
original state by heating to 60 - 80 *C.

PROCESSING DATA

MIX RATIO Components Parts by weight Parts by volume
Araldite® LY 556 100 100
Aradur® 917 %0 56
Accelerator DY 070 05-2 0.6-2.4
We recommend that the components are weighed with an accurate balance fo
prevent mixing inaccuracies which can affect the properties of the matrix system. The
components should be mixed tharoughly to ensure homogeneity. It is important that
the side and the bottom of the vessel are incorporated into the mixing process. When
processing large quaniities of mixiure the pot life will decrease due to exothermic
reaction. It is advisable to divide large mixes into several smaller containers.
PROCESSING To simplify the mixing process the resin can be preheated to about 30 °C to 50 °*C
RECOMMENDATIONS before adding the cold hardener. Hardener and accelerator can be premixed, thus
allowing the use of two component mixing/metering equipment. The mix of hardener
and accelerator has a shelf life of several days.
The processing of the system at elevated temperatures of 30 °C to 40 °C shows the
best results. The gelation temperature should not be higher than absolutely
necessary. A high gelation temperature induces high shrinkage and generates
internal siresses.
INITIAL MIX r°c [mPa s]
VISCOSITY at 25 G00 - 900
(HOEPPLER, 150 at 40 200 - 300
12058-1B) at B0 <75
VISCOSITY BUILD- Components [pbw] System 1 System 2  Sysfem 3
up Araldite® LY 556 100 100 100
(HOEPPLER, IS0 Aradur® 017 a0 a0 a0
12058-1B) Accelerator DY 070 05 ! 2
Fcy /mPas]
at 25 to 1500 fhj 10 -12 35-45 1.53-2
at 40 to 1500 (hj - 19-21 - 3-4
to 3000 ihj 23-26 9-10 4-5
f 95 -105 52-57 32-35
at a0 1o 1500 ﬂﬁ 105-115  60-85  35-38
to 3000 ) 14 16
at 90 to 1500 ﬂﬂ,’: 1517
to 3000
POT LIFE rc System 1  System 2 System 3
(TECAM, 65 % RH, at?3 jhj  165-175  95-105 45 -54
100 G) at 40 ihj 5-7 4-5 -
10 KG METAL
CONTAINER
Araldite®™ LyS56 Aradur® 917 Accelerator DY070 Page 2of 6 03072007
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GEL TIME rcj System 1 System2 GSystem 3
(HOT PLATE) at 80 fminj ~ 230-270 14D-160  B5-75
at 100 [min] B5-75  35-45  18-22
140 jmin] 7-9 3-5 1-3
at 160 [rmin] e 2 )

The walues shown are for small amounts of pure resinhardener mix. Im composite structures the gel time
can differ significantly from the given values depending on the fibre content and the laminate thickness.

TYPICAL CURE Gelation either 2-4hat 80°C
CYCLES ar 1-3hat 80°C
Post-cure either 4-8hat120°C
ar 2-Bhat140°C
ar 2-Bhat160°C

Cure temperatures in excess of about 130 *C cause brown discolouration but do not impair the properties

of the product.

PROPERTIES OF THE CURED, NEAT FORMULATION

Unless otherwise stated, the processing schedule for the samples tested was
gelation for 4 hours at 80 °C and post-cured for 8 hours at 140 °C.

GLASS TRANSITION

Cure:

Te DSC FC] Ts TMA [FC]

TEMPERATURE (Te) 4hg80°C+4h120°C 140 - 144 125 - 128
(IEC 1008, 4h80°*C+8h120"°C 144 - 148 125-128
10 K/IMIN) 4n80°C+4h140 °C 145 - 150 130-135
4h80°*C+8h140°C 148 - 153 135-145
4h80°*C+4h160°C 150 - 155 140 - 145
4h80°*C+8h160"°C 150 - 155 140 - 145
TENSILE TEST Tensile strength [MPa] 83-03
Elongation at tensile strength [%] 42-56
(150 527) !
Ultimate strength MPa] 80 -90
Ultimate elongation [%] 50-70
Tensile modulus MPa] 3100 - 3300
FLEXURAL TEST Flexural strength [MPa] 125-135
(IS0 178) Deflection at maximum load [mm] 10-18
10 days in H:0 23 °C [MPa] 110-120
Flexural strength [mm] 8- 18
Deflection at maximum load
60 min in Hz0M00 °C
Flexural strength [MPa] 125-135
Deflection at maximum load [mm] 10-18
FRACTURE Fracture toughness K1C [MF’ax‘n]] 056-06
PROPERTIES BEND Fracture energy Gz [J/m] 88 - 96
MOTCH TEST
(PM 258-0/90)
WATER Immersion.
ABSORPTION 1 day H.023°C [%] 010-015
(150 62) 10 days Hx0 23 °C [%] 0.30 -0.40
30 min HO 100 °*C [%] 010 -015
60 min HzO 100 °C [%] 0.15-0.20
COEFFICIENT OF Mean value:
LINEAR THERMAL = 5
a from 20 - 100 °*C [107/K] h5 -BT
EXPANSION o from 100 - 130 °C [107/K] 67 - 70
(DIM 53 752)
POISSON'S RATIO [u] 0.35
Araldite® LY556 Aradur™ 917 Accelerator DY0OT0 Page 3of B 03072007
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PROPERTIES OF THE CURED, REINFORCED FORMULATION

Unless otherwise stated, the figures given are for pressed Iaminazte samples
comprising 16 layers (4 mm) of E-glass fabric 1:1, 280 - 300 @¢/m”, fibre volume
content 42 - 47 %.

FLEXURAL TEST Flexural strength [MFa] 520 - 550
(150 178) Deflection at maximum load [mimy] 5-6
Flexural modulus [MPa] 16500 - 16700
10 days inH-0 23 °C
Flexural strength [MP3a] 390 - 410
Deflection at maximum load [mm] 4-5
60 min in HzO/100 *C
Flexural strength [MPa] 460 - 480
Deflection at maximum load [mim] 5-6
TENSILE TEST Tensile strength [MPa] 345 -375
(IS0 3268 - 1978) Ultimate elongation [%] 1-2
Tensile modulus [MPa] 25500 - 26000
INTERLAMINAR Short beam: E-glass unidirectional specimen
SHEAR STRENGTH Laminate thickness t=6.4 mm
(ASTM D 2344) Fibre volume content: 60 %
Shear strength: [MPa] 75-77
WATER Immersion:
ABSORPTION 1 day H.0 23 °C [%] 0.15-0.20
(150 62) 10 days H0 23°C [%] 0.25-0.30
30 min HzO 100 *C %] 0.01-0.05
60 min HxO 100 *C [%] 0.03 -0.07
TEMNSILE, E-glass Roving E-glass roving, 1200 tex, silane finish
COMPRESSIVE AND Fibre volume content 67 %
TORSIONAL TEST Gelation temperature a0 °C
TCT) Post-cure 8hat140°C
Carbon HT Roving Carbon fibre high tensile,
Torayca T 300 B - G000 -50 B
Fibre volume content 64 %
Gelation temperature 90 °C
Post-cure 8 hat140 °C
Transverse rensile test E-Glass Carbon HT
Tensile strength [MPa] 48 - 55 77 -85
Tensilz sfrain [%] 0.25-0.33 09-10
Elastic modulus [MPa] 18000 - 20000 9300 - 9500
Transverse compressive 1est
Compressive strength [MPa] 165 - 175 190 - 206
Compressive strain at hrak %] 12-14 27-34
Elastic modulus [MPa] 20000 - 22000 9700 - 9500
Torsional test
Shear strength [MPa] 77 -82 76 -80
Shear angle [%] 27-31 33-40
Shear modulus [MPa] 6100 - 7100 6000 - 6300
Araldite® LYS56 Aradur® 917 Accelerator DYOT0 Page 4 of 6 03072007
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HANDLING
PRECAUTIONS

Personal hygiene
Safefy precautions at workplace

protective clothing yes

gloves essential

arm protectors recommendad when skin contact likely
goggles/zafety glasses yes

Skin protection

before starting work Apply barrier cream to exposed skin
after washing Apply barrier or nourishing cream

Cleansing of confaminated skin
Dab off with absorbent paper, wash with warm water
and alkali-free soap, then dry with disposable towels.
Do not use solvents

Disposal of spillage
Soak up with sawdust or cotton waste and deposit in
plastic-lined hin

Ventilation

of workshop Renew air 3 to 5 times an hour

of workplaces Exhaust fans. Operatives should avoid inhaling
vapours

FIRST AID Contamination of the eyes by resin, hardener or mix should be treated immediately
by flushing with clean, running water for 10 to 15 minutes. A doctor should then be
consulted.

Material smeared or splashed on the skin should be dabbed off, and the
contaminated area then washed and treated with a cleansing cream (see above). A
doctor should be consulied in the event of severs irritation or bums. Contaminated
clothing should be changed immediately.

Anyone taken ill after inhaling vapours should be moved out of doors immediately.

In all cases of doubt call for medical assistance.

IMPORTANT LEGAL NOTICE

Huntsman Advanced Materials warrants only that its products meet the specifications agreed with the user.
Typical properties, where stated, are to be considered as representative of current production and should not be
treated as specifications.

The manufacture of materials is the subject of granted patents and patent applications; freedom to operate
patented processes is not implied by this publication.

While all the information and recommendations in this publication are, to the best of Huntsman Advanced
Material’s knowledge, information and belief, accurate at the date of publication, NOTHING HEREIN IS TO BE
CONSTRUED AS AWARRANTY, WHETHER EXPRESS OR IMPLIED, INCLUDING BUT WITHOUT
LIMITATION, AS TO MERCHANTABILITY OR FITMESS FOR A PARTICULAR PURPOSE. IN ALL CASES, IT
IS THE RESPONSIBILITY OF THE USER TO DETERMINE THE APPLICABILITY OF SUCH INFORMATION
AND RECOMMENDATIONS AND THE SUITABILITY OF ANY PRODUCT FOR ITS OWN PARTICULAR
PURPOSE.

The behaviour of the products refermmed to in this publication in manufacturing processes and their suitability in
any given end-use environment are dependent upon various condiions such as chemical compatibility,

Araldite® Y556 Aradur® 917 Accelerator DYOTD Page Sof 6 03072007
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temperature, and other variahles, which are not known to Huntsman Advanced Materials. |t is the responsibility

of the user to evaluate the manufacturing circumstances and the final product under actual end-use
requirements and to adequately advise and warn purchasers and users thereof.

Products may he foxic and require special precautions in handling. The user should obtain Safety Data Sheets
from Huntsman Advanced Matenals containing detailed information on toxicity, together with proper shipping,
handling and storage procedures, and should comply with all applicable safety and environmental standards.

Hazards, toxicity and behaviour of the products may differ when used with other materials and are dependent
on manufacturing circumstances or other processes. Such hazards, toxicity and behaviour should be
determined by the user and made known to handlers, processors and end users.

Except where explicitly agreed otherwise, the sale of products referred to in this publication is subject to the
general terms and conditions of sale of Huntsman Advanced Materials LLC or of its affiliated companies
including without limitation, Huntsman Advanced Materials (Europe) BVBA, Huntsman Advanced Materials
Americas Inc., and Huntsman Advanced Materials (Hong Kong) Lid.

Huntsman Advanced Matenals is an international business unit of Huntsman Corporation. Huntsman
Advanced Materials trades through Huntsman affiliated companies in different countries including but not
limited to Huntsman Advanced Materials LLC in the USA and Huntsman Advanced Materials (Europe) BVBA in
Europe.

Aradur and Araldite are registered trademarks of Huntsman Corporation or an affiliate thereof.

Copyright @ 2007 Huntsman Corporation or an affiliate thereof. All ights reserved.

Maim Ciffice :

Huntsman Advanced Materials (Switzerand) GmbH
Klybeckstrasse 200

4057 BASEL

Switzerland

+41 81 986 3333

Araldite® LY556 Aradur® 917 Accelerator DYOT0 Page 6 of 6 03/07/2007
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A.3 Nanopox F 400

Technical data sheet

“nanoresins

MNanopox F 400

Nanﬂpm F 400 is a high performance, versatile, silica reinforced bisphencl & based epoxy
resin for the use in fiber composites. The silica phase consists of surface-modified synthetic
Si0; nanospheres of very small size (average diameter of 20 nm) with a narrow particle size
distribution {maximum diameter 50 nm}. Despite the high Si0; content of 40 wt%, Nanopox
F 400 has a comparatively low viscosity due to the agglomerate-free colleidal dispersion of
the nanoparticles in the resin.

Technical data {(nc specification)

Property Units Typical Values

Base resin bisphenol A diglycidyl ether

Appsarance opaque liquid

SiQ.-content [wit9e] 40

Density @ 20 °C Lg/mi] 1,4

Viscosity @ 25 °C [mPa-s] 60000

Epoxy equivalent weight [afeq] 295

Shelf life [months] & (if stored in the original unopenad container)

Processing instructions

MNanopox F 400 can be used as any other bisphenol & diglycidyl ether. However, the colloidal
silica in Nanopox products tends to agglomerate if the stabilisation is affectad by
inappropriate formulation components like hydrocarbon solvents (e.g. xylene). Therefore the
compatibility between Nanopox F 400 and all other formulation compeonents should be tested
separately before starting formulation development.

Handling and storage

MNanopox F 400 should be handled in accordance with good industrial practice. Detailed
infarmation is provided in the Material Safety Data Sheet.

Keep container({s) tightly closed when not in usel

Nanopox F 400 tands to crystallize at ambient temperatures. The product can be easily
remelted by heating it up to 70 °C for a short period of time.

IS oW SSSSSEME

The infgrma un and a}- e pfﬁn this dﬁ sheet are believed tw be comrect an utﬁr mday;*gp ‘nledgeknf ﬁhe chaacbenstn:n?nd

rties ?}-l is given upen condition that
eter'rnlne e sm is particular purpose, Since the itions of use are n our control, we accept no
liabili 1:25‘. m;lslgmrg. or application in which cur products are utilized unless otherwise stated by us. No wamanty of Freadom any
pater ISD} i .
April 2006
Aaroraging A

Charlottanburger Stralla § | 21502 Gaasthacht | Germany | Phane ++49 40 5313 80-0 | Fax +240 41 52.1390-100 | infofnanoresins.com | waoainanoresns.cam
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NANOPOX® F Products

NANOPOX® products are high-performance concentrates of nanosilica in epoxy resins and have been
specially designed for fiber-reinforced composite applications. The silica phase consists of surface-
modified 5i0: nanospheres with a defined size of 20 nm and a very narrow particle-size distribution.

MNANOPOX® products are used to replace part of the epoxy resin in existing formulations, typically in the
range of 20—30%. Some applications, however, require higher concentrations of nanosilica. They can be
blended with all commercially available epoxy resins and cured with all commercially available
hardeners.

Introducing nanosilica in the epoxy formulation improves various properties of the fiber-reinforced
composite part:

* increased strength, modulus, and hardness

+ improved toughness (fracture energy, fracture toughness, impact resistance)
+ significantly improved fatigue performance

+ drastically increased compressive properties

+ no change in Tg

Using NANOPOX® products can significantly improve the performance of fiber-reinforced composite
parts.

Because the viscosities of NANOPOX® products and their blends are rather low; these materials are
highly suitable for all infusion and injection processes.

With a size of 20 nm, the silica particles penetrate even tightly meshed fabrics easily.

As the particles are completely transparent, the NANOPOX® products can be used for visible parts as
well

Using NANOPOX® F 631, UV-curable systems can be formulated.

MNANOPOX® FW 404, the aqueous emulsion of NANOPOX® F 400 is designed for fiber sizing applications.
Just a thin layer of this material on the fiber surface is enough to improve the mechanical properties of
the composite part.

Areas of Application

Some examples of applications

= pre-pregs

+  pultrusion, filament winding, pull winding, and so forth.

= RTM, VARTM, VAR, and so forth.

Bvonik Industries AG | Page 1/3
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Technical data NANOPOX® products (no specification)

Product Base resin Si0, content Viscosity Epoxy equivalent Product specific
(w3 (mPas) weight
MANCPCXE F 400 DCEBA 40 60,000 285 standard grade
MANCPCXE F 440 DCEBA/DGEEF 40 45,000 290 crystallization-free
MANCOPCXE F 520 DCEBF 40 20,000 275 standard grade
NANCPCXE F 631 cycloaliphatic epaxy 40 4 000 220 standard grade
MANCPCXE F 640 HDDCE 40 200 245 low viscosity
NAMOPOXE FW 404 aqueous emulsion of 40 {on solid) 7 000 295 (solid) 56% solids content
NANOPCKE F 400
MANCPCXE F 700 Epoxidized Nowolac 40 20,000 310 high performance
(at 530°C)
Packaging

Steel drum, 25 kg
Steel drum, 250 kg
Other types of packaging available on request

Shelf-life
5ix months if stored in the original unopened container.

Application Recommendations

Part of the epoxy resin used in the formulation to be improved is replaced with a NANOPOX® F product
{up to 100%). The amount of hardener is reduced in proportion to the new epoxy equivalent of the resin
blend. For some non-stochiometric hardeners like dicyandiamide a change in the hardener amount is
UNNecassary.

Fillers and other ingredients of the formulation are used as usual. If the viscosity of NANOPOX® products
prove too high for the formulating procedure, we recommend preheating the product to 60-80 "C. The
viscosity will be decreased below 10,000 mPas.

Best improvements in composites properties are found usually in the range of 8-10% silica nano-
particles.

Evonik Industries AG | Page 2/3
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Formulation example:

Original formulation 5% 50 10% S0, 1 5% 50,
Standard Bisphencl-A epoxy resin (EEW 185) 100 875 75 B2.5
NANOPOX® F 400 (EEW 295) - 125 25 37.5
Total mass parts 100 100 100 100
EEW 185 134 204 215

o7/z014

This information and all further technical advice is based on our present knowledge and experience. Howewer, it implies no liability or
other legal responsibility on our part, incleding with regard to existing third party intellectual property rights, especially patent nghts. In
particular, no warranty, whether express or implied, or guarantee of product properties in the legal sense is intended or implied. We
resanve the right to make any changes according to technological progress or further developments. The customer is not released from
the obligation to conduct careful inspection and testing of incoming goods. Performance of the product described herein should be
verified by testing, which should be carried out only by qualified experts in the sole responsibility of a customer. Reference to trade
names used by other companies is neither a recommendation, nor does it imply that similar products could not be wsed.

(Status: April 2008)

Evonik Hanse GmbH

Charlottenburger Strabe 9, 21502 Geesthacht, Cermany
Phone: +49 4152 8092-0, Fax: 49 4152 79156
hanse@evonik.com, www_evonik com/hanse

Evonik. Power to create. @ EVD n I H

IHBUSTRIES
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Appendix B Typical stress-strain curves for plastic materials

Typical stress-strain curves for plastic materials. The figure is taken from 1SO 527-1:2012
Plastics — Determination of tensile properties — Part 1: General principles. It indicates how the

different material properties are found from the stress-strain curves.
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Appendix C Typical indentation load-displacement curve

Load-displacement curve for a typical indentation measurement cycle. The specimen is loaded to
Prax, held at Py for some time, and then unloaded to zero load. The elastic modulus of the
specimen is determined from the tangent of the unloading curve, dP/dh.

PF?E(IX

load, P

displacement, /2
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Appendix D

Anhydride-cured composite that was under-

During the production of the anhydride-cured plate containing 9.1 wt% silica, the oven used for
curing failed overnight when the curing cycle was running. Thus, the oven shut down, the
temperature dropped, and the curing of the plate was not completed. This resulted in a composite
that was under-cured. It is not known at which point during the curing cycle the oven failed.
However, the polymer matrix was, as a minimum, cured beyond the gel point.

A new, fully cured plate was produced. The measured properties of the fully cured and the under-
cured plates are compared in the table below.

Fully cured Under-cured
Silica content (wt%) 9.1 9.1
Silica content (vol%) 5.4 5.4
p (kg/m®) 1244 + 1 1253+ 1
T, (°C) 151+0 1330
E' (MPa) 3410 + 80 3780 + 90
E, (MPa) 39.8+1.2 38.2+0.2
E; (MPa) 3530 + 100 3940 £ 50
on (MPa) 89+2 74+4
& (%) 49+0.7 2.3+0.2

A much lower Ty, which would indicate a lower crosslink density of the epoxy polymer, and
higher values for E” and E; were observed for the under-cured composite. Much lower values of
om and g, were also observed, indicating that the under-cured composite is much more brittle than

the fully cured composite.

46

FFI-rapport 2015/00366




Appendix E

Tensile test results

E.1 Amine-cured system

LY556/XB3473, neat epoxy polymer

30.10.14
Zwick 7 Roell
Test report
Customer Specimen type
Job no. Pre-treatment
Test standard : Tester
Type and designation of : MNote
Matenal : Machine data
Specimen removal
Speed, tensile modulus - 1 mmdmin
Test speed 1 mm/min
Test results:
Specimen ID| E Gy G £m G =) h b Ao
Mr MPa [ MPa | MPa ¥ MPa % mm mm mm?
1 MNeat 2610 - 68,1 47 | 680 | 47 | 394 507 | 1988
2 Neat 2560 - 647 | 42 64,7 2 | 3.96 506 | 20,04
3 Neat 2620 - 71,8 53 | 118 53 | 3945 | 505 | 19,92
4 Neat 2570 - 64,6 4,2 64,6 2 | 3,92 503 | 19,72
] Neat 2640 - 703 | 49 | 703 | 49 | 395 504 | 1981
5] MNeat 2630 - 73,2 5.6 732 56 | 396 507 | 20,08
Series graph:
1400 4= ==-===----~ i i ity i e
T : ! : ' :
1200 - -----=----- dmmmmmmm oo dmmmmmm oo b e — bommmm oo Ao
- I I 1 1 I
1000 4--=-=------- dmmmmmmm e e e bmmmmmmmmmm e ity oo
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L - | 1 I I 1
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Strain in %
Statistics:
Series = Ty G =11 Os s h b Ap
n=6| MPa MPa | MPa % MFa % mm mm mm
¥ | 2600 - 58.8 48 | 688 48 |308456 |5053 15,84
s 331 - 362 | 06 363| 06 [001457|001633] 013
v 127 - 527 (1154 527 (11,55 (0,38 0,32 0,64
LY556-XB3573-100-23.z52 Page 11
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LY556/F400/XB3473, 3.7 vol% silica

301014
Zwick I Roell
Test report
Customer Specimen type
Job no. Pre-treatment
Test standard : Tester
Type and designation of : MNote
Material : Machine data
Specimen removal
Speed, tensile modulus - 1 mm/min
Test speed 1 mm/min
Test results:
Specimen ID| E Gy Gm =1 Ce £8 h b Ag
Nr MFa | MPa | MPa % MPa % mm mm_| mm*
1 2770 - 68,1 4.1 68,1 4.1 405 | 505 | 2045
2 2740 - 67,0 41 670 | 41 388 | 506 | 2014
3 2870 - 649 | 38 64,9 3.8 396 | 504 | 1996
4 2780 - 693 | 43 67,1 43 | 403 | 504 | 20,31
5 2810 - 711 4.5 706 | 45 | 4 503 | 2012
6 2840 - 67,38 41 678 | 41 393 | 503 | 1977
Series graph:
1400 +-----=--------- i— —————————————— i— —————————————— i— -------------- L
T I 1 I
1200 +—-------------- b b Lo
1000 +-------------- e et g ————— e
T ] ]
z B0 +-------------- Fommmmm oo e ittt e e
s 1 : : :
8800 4o P . P e
o ! 1 1
- T i i i
400 +-----—- -t Fommmmsmm e o mmmm s oo it
T i i i
200 o oot pomtoetes ottt . !
4 I 1 I 1 |
] 1 ] 1 ]
0 —_— : —— — —]
0 1 2 3 4 5
Strain in %
Statistics:
Series Et Gy Om =] Og s h Ao
n=§6 MPa MPa [ MPa % MPa Yo mim nim mm*
x 2800 - 63,0 41 676 41 |38992 |5042 20,12
5 46,6 - 208 | 02 1.84 2 |0,04446(0,01169| 0,24
v 1,66 - 305 582 272 | 583 (1,11 0,23 1,21
LY556-F400-XB3573-80-20-21,3.252 Page 1M1
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LY556/F400/XB3473, 7.8 vol% silica

271114
Zwick 7/ Roell
Test report
Customer Specimen type
Joh no. Pre-treatment
Test standard : Tester
Type and designation of : MNote
Material : Machine data
Specimen removal
Speed, tensile modulus - 1 mm/min
Test spead 1 mm/min
Test results:
Specimen ID| E Ty Gm Em OB =) h b Ap
MNr MPa | MPa | MPa ko MPa Y mm mm mm*
1 3070 - 63,6 3.2 626 32 |40 504 | 20,21
2 3000 - 66,1 3,6 66,1 36 | 3885 503 | 20,4
3 3070 - 5.2 34 65 1 34 |4 504 | 2016
4 3140 - 67,5 3,6 675 36 | 4005 504 | 2019
5 3000 - 69,0 39 | 688 39 | 3989 | 503 | 2007
[i] 2630 - 637 | 33 | 611 33 |4 504 | 2016
Series graph:
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z 800 - e -aniaiaia fommmmmm e il fommmmmmmmm e !
O | | : | |
I R i boomoommooees Fommmmmeseees |
Q 4 1 1 1 1
[T 1 1 1 1 1
400 --mmmmm - - P meee P e S SEEEEEEEEE Pm oo :
7 i i | i i
200 -t PomTTes SR Pooetoomoes PooTTTTmTmees !
. I I 1 I |
| | ] | |
0] R B L e B B S e e T S
0 1 2 3 4 5
Strain in %
Statistics:
Series Et Oy O = Og €s h b Ag
n=6| MPa MPa [ MPa % MPa % mm mm mny?
W | 3040 - 65,9 | 35 65,2 35 3,998 5,037 20,14
3 734 - 2141 0.2 2891 02 |0009209|0,005164| 007
v 2431 - 325 638 | 444 635 (023 010 0,33
L Y556-F400-XB3573-60-40-19,6.z52 Page 1M1
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LY556/F400/XB3473, 12.3 vol% silica

27.11.14
Zwick / Roell
Test report
Speed, tensile modulus © 1 mm/min
Test speed o1 mmdmin
Test results:
SpecimenID| E Ty Om En Ok =) h b Ag
Nr MPa | MPa | MPa % MPa %% mim mm | mnm?®
1 3190 - 701 35 701 3.5 412 | 505 | 2081
2 3390 - 71,9 35 70,9 3.5 403 | 504 | 2001
3 3270 - 66,0 3.0 63,0 3.0 408 | 505 | 20,60
4 3410 - 59,3 3.3 69,3 3.3 395 | 505 | 1995
A 3270 - 69,9 34 609 34 406 | 505 | 20,50
5] 3350 - G681 3.2 68,1 32 4 504 | 2016
Series graph:
1400 +-----==------- R Fo=---mmmmmmees P Po--mmmmmemeoe- i
1200 p-mmmmmmmmmm e S — T S S — ;
1000 ------==-----~- P Fommmmmmmmmem e Fommmmmmmmme - i
1 I I I 1
4 1 | | | I
Z g0 4 bmmmm e bmm oo (I bommmmmmmmm e i
=] | | | | |
8 00 - e . S R b oo i
o 1 1 1 1 1
= T . | | | .
I P R Foomnmnmomoes Fommmommoe s Foommmmmmmoooes :
=+ 1 I I I 1
1 | | | 1
200 F--pFfmneee- boommommoooe- Fommemmsmee- Fomsmmmmmmooe- Fommmmmmmoee- !
4 1 | | | 1
] ]
0 1 2 3 4 5
Strain in %
Statistics:
Series = Oy Ty Em Op €5 h b Ag
n=6| MPa MPa | MPa % MPa % mim mm mm?®
¥ 3310 - 59,2 3.3 68,5 33 1404 5047 20,39
) 844 - 2011 02 28 0,2 |006033 (0005164 0.3
v 2,55 - 281 529 418 | 528 (1,49 0,10 1,53
LY556-F400-XB3573-40-60-17 9.z52 Page 1M1
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LY556/F400/XB3473, 17.2 vol% silica

27.11.14
Zwick / Roell
Test report
Customer : Specimen type
Joh no. : Pre-freatment
Test standard : Tester
Type and designation of : Mate
Material : Machine data
Specimen remaoval
Speed, tensile modulus - 1 mmdmin
Test spead o1 mmdmin
Test results:
Specimen ID|  E: Ty Om Eu OB £8 h 4] Ag
Nr MPa | MPa [ MPa % MPa % mm mim mm®
1 3600 - 71.0 3 7.0 31 422 | 508 | 2144
2 3730 - 67,6 27 | 676 27 | 4147 | 51 2127
3 3600 - 68,1 2.8 68,1 28 |42 | 508 | 2139
4 3860 - 63,2 24 63,2 24 | 419 | 508 | 21,29
] 3580 - 13| 23 | 613 23 | 415 | 509 | 2412
5] 3730 - 722 31 722 31 421 | 508 | 2138
Series graph:
1800 4+-----—--------- b b e bommmm e !
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Strain in %
Statistics:
Series E: Ty G En Og Es h h A
n=6| MPa MPa | MPa % MPa % mm mm mm?*
W | 3680 - 67,2 27 | 672 27 (4,192 |5,085 21,31
5 111 - 425 03 4251 03 0027140008367 011
v 3031 - 6,32 112,03 6,232 |1203 0,65 0,16 0,54
LY556-F400-XB3573-20-80-16 3 252 Page 1M1
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E.2 Anhydride-cured system
LY556/ Aradur917/DYQ70, neat epoxy polymer

271114
Zwick ¥/ Roell
Test report
Job no. LY556-Aradurs17-100-20
Material LY556-Aradur®17-100-590
Tester Marig
Speed, tensile modulus - 1 mm/min
Test speed o1 mmdmin
Test results:
Specimen ID Et Gy [ =] [s77) £8 h h Ag
MNr MPa | MPa | MPa % MPa % mm mm | mm?®
1 [LY556-Aradur17-100-90( 3230 - 848 | 48 84.8 48 398 | 4497 | 18978
2 | LY¥556-Aradurt17-100-20 3020 - 869 5,9 86.8 59 1388 | 4955 | 1929
3 | L¥556-Aradurt17-100-90 3070 - 58T 23 587 | 23 [4M 501 | 20,09
6 | LY556-Aradurt17-100-20 | 2960 - 62,49 26 629 | 26 | 400 | 499 | 2041
7| LY¥556-Aradurt17-100-20 3020 - 86,8 58 86.8 Lk 4135 | 497 | 2085
8 | LY¥A56-Aradurf17-100-90 3120 - 853 | 49 853 | 49 [411 499 | 2051
S | Ly556-Aradurt17-100-90 3120 - 87,0 56 86,9 | 56 | 414 | 488 | 2062
10 [ LYS56-Aradurf17-100-90( 3180 - 65,8 27 65.8 27 | 412 | 499 | 20.56
11 | LY556-Aradurf17-100-90 | 2010 - 44 4 16 44 4 1.6 | 403 501 | 2019
Series graph:
1 | |
1500 - ---====-----mmmmmmm oo bommmmoee - e L o !
1 : e | :
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Z 1000 - -mmmmmmmmmmmmmme e R EnREE e e Fommmmmm e |
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0 2 4 B
Strain in %
Statistics:
Series E: Ty T En Cg =) h b Ag
n=%| MPa MPa | MPa % MPa % mm mm mm?
W | 3080 - T8 40 | 736 40 4056 |49385 | 2022
5 854 - 16.0 17 | 160 17 |008484 (00174] 044
v 287 - 21,70 | 4207 | 2167 | 4219 | 2,09 0,35 219
LY556-Aradur@17-100-90 z52 Page 1M
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28.11.14
Zwick / Roell
Test report
Customer : Specimen type
Joh no. : Pre-treatment
Test standard : Tester
Type and designation of - Mate
Material : Machine data
Specimen removal
Speed, tensile modulus © 1 mm/min
Test speed o1 mmdmin
Test results:
Specimen ID|  E Ty Om En OB £8 h b Ag
MNr MPa | MPa | MPa % MPa %% mm mm mm?
1 3030 - 8359 | 59 | 839 59 388 | 503 | 1852
2 2970 - 829 | 52 829 52 389 | 504 | 1961
3 2650 - 840 59 | 839 6.0 38T | A 19,35
4 350 - 843 | 58 843 b8 391 | & 19,55
5 3040 - 842 59 | 842 6.0 393 | 495 | 1961
5] 2890 - 284.0 59 | 827 6.1 39 501 [ 1954
7 3060 - 844 6.1 839 6.7 388 | 503 | 1852
8 3000 - 828 54 828 54 388 | 501 | 1944
] 3020 - 83,6 6,0 833 6,5 395 | 4,98 | 1967
Series graph:
-+ 1 I e T
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-+ 1 1 1
1 1 1
T 1 1 1
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Strain in %
Statistics:
Series = Ty Ty Em Tg Eg h b Ag
n=%| MPa MPa | MPa k) MFPa %o mm mm | mm*
X 3020 - 438 58 |835 6.0 |3.899 501 [ 1953
3 68,6 - 0580 03 0618| 05 |0.02667| 002 0,10
Vv 228 - 069 | 471 | 074 | 7.84 |068 0,40 049
L
LY556-Ar917-0.zs52 Page 1/2
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LY556/F400/ Aradur917/DY070, 2.5 vol% silica

27.11.14
Zwick 7 Roell
Test report
Material . LY¥556-F400-Araduré17-80-20-83
Tester  © Marig
Speed, tensile modulus @ 1 mm‘min
Test speed o1 mmdmin
Test results:
Specimen D E Ty T B Gg Zg h b &g
Nr MPa | MPa [ MPa Yo MPa % mm mm mn®
1 LY¥556-F400-Arg17-20-20-83 | 3240 803 5.9 891 63 | 377 | 498 [13877
2 | LY556-F400-Aro17-20-20-83| 3320 889 5.6 889 | 58 392 | 490 ) 1856
3 | LYRE6-F400-Ar917-80-20-83 | 3260 883 A1 883 | 51 392 | 450 | 1856
4 | LY556-F400-Ar917-20-20-83| 3250 802 58 88,2 5.8 404 | 45906 ) 2016
5 | LYRE6-F400-Ar917-80-20-83| 3360 Fa ) 29 714 29 | 406 | 459 [ 2026
6 | LY55G-F400-Ar917-80-20-83 | 3240 g8 a7 88,8 57 | 402 | 499 [ 20,06
Series graph:
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Strain in %
Statistics:
Series Et Gy Gy Em Oy Egn h 1] Ap
n=6| MPa MPa | MPa % MPa % nm mm mm*
® [ 3280 - 86,1 51 | 860 5,2 |3,855 (4988 19,73
3 497 - A5 | 1.2 706 1.2 [01088|0.004082| 0.56
Vv 1,52 - 8082230 8233|2327 275 (008 2,82
L Y556-F400-Aradur817-80-20-83 z52 Page 1M1
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LY556/F400/ Aradur917/DY070, 5.4 vol% silica

271114
Zwick / Roell
Test report
Material LyY554-F400-Aradurd17-60-40-75.9
Tester Marie
Speed, tensile modulus - 1 mm/min
Test spead -1 mmimin
Test results:
Specimen D E; Gy Om Em Tg Ex h b Ag
MNr MPa [ MPa | MPa % MPa %% mm mm_| mn7¢
1 LY¥554-F400-Ar917-60-40-75.9 | 3380 - 80.1 54 86,3 55 388 | 490 | 1936
2 | LY554-F400-Ar917-60-40-75.9 | 3580 - ar4 4.2 871 42 407 | 498 | 2027
3 | LYE54-F400-Ar917-60-40-75.9 | 3580 - f8.5 24 68,5 24 404 | 498 | 2012
4 | LY554-F400-Ar917-60-40-75.9 | 3500 - 67.5 24 651 24 3097 | 498 | 1977
5 | LY¥554-F400-Ar917-60-40-75.9 | 3410 - 80.1 5.1 @01 5.1 414 | 498 | 2062
6 | LY554-F400-Ar917-60-40-75.9 | 3600 - 649 | 22 649 22 411 | 4,99 | 2051
Series graph:
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Strain in %
Statistics:
Series Et Ty Gy Em Og Eg h ] Ag
n=6| MPa MPa | MPa % MPa % mirm mm mm®
w3530 - 78.1 36 | 770 3,7 (4035 |4983 20,11
3 9949 - 123 15 | 120 1,5 |0,09607 (0005164 047
Vv 283 - 15,73 | 4010 | 15,60 | 40,38 | 2,38 0,10 2,35
LY554-F400-Aradurd17-60-40-75,9.z52 Page 1M1
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LY556/F400/ Aradur917/DY070, 8.6 vol% silica

27.11.14
Zwick 7 Roell
Test report
Material Ly556-F400-Aradurg17-40-60-68.9
Tester Marie
Speed, tensile modulus - 1 mm'min
Test speed 1 mm/min
Test resulis:
Specimen D E Gy G Em Ts = h b Ag
Mr MPa | MPa | MFPa % MPa % mm mm mnv
1 LYE56-F400-4Ar917-40-60-66.9 | 3640 - f22 31 822 3 392 | 498 | 1952
2 | Ly556-F400-Ar917-40-60-68.9| 3750 - 79.2 29 | 792 249 405 | 498 | 2017
3 | Ly556-F400-Ar917-40-60-68.9 | 3830 - 91.8 52 88,2 54 407 | 498 | 2027
4 | Ly556-F400-Ar917-40-60-68.9 | 3870 - 917 | 50 91,7 5,0 403 | 498 | 2007
5 | Ly556-F400-Ar917-40-60-68.9 | 3830 - 783 | 28 78,3 28 407 | 498 | 2027
6 | Ly556-F400-Ar917-40-60-68.9| 3870 - 877 | 3B 843 36 305 | 498 | 1957
Series graph:
1 ]
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© 1000 pommmmm g e fTTTTTTTTTT T Pt :
8 T i i i
=] —+ 1 1 1
w 1 ! ! !
L e e e !
T i i |
I I I
4 1 1 I
1 1 1 1
1 1 1
0 } } } } } } } } } } |
0 2 4 f
Strain in %
Statistics:
Sefies = Oy Ty Epm Tp Eg h b Ag
n=6 MPa MPa | MPa % MPa % mm mm mm*
w3800 - 85,2 38 | 840 3.6 [4,015 496 | 1999
5 B85 - 03| 11 522 | 11 |008442| 0000 | 032
v 2,33 - 75| 2840 6,21 ) 2967 |1,60 0,00 1,60
L ¥Y5h6-F400-Aradurd17-40-60-68 9 zs2 Page 1M1
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LY556/F400/ Aradur917/DY070, 12.3 vol% silica

271114
Zwick 7 Roell
Test report
Material : LY¥556-F400-Aradurd17-80-20-61,9
Tester  © Marig
Speed, tensile modulus - 1 mmdmin
Test spead 1 mm/min
Test results:
Specimen D E Gy Om Enm Ty Ex h b Ag
Nr MPa | MPa | MPa % MPa % mm mm_| mn¥
1 LY556-F400-Ar917-20-30-61.9 | 4260 - 933 | 47 | 925 54 405 | 498 | 2017
2 | LYR5A-F400-Arg17-20-80-61.9 | 4190 - §3.0 46 G248 46 3048 |5 16,95
3 | LY556-F400-Are7-20-80-61.9 | 4100 - 93.8 47 | 937 4.8 418 | 497 | 2077
4 | LY556-F400-Are17-20-80-61.9 | 4190 - 937 | 47 | 930 53 414 | 4975 | 20,60
5 | LY55G-F400-Arg17-20-80-61.9 | 4050 - 93.2 47 | 927 52 397 | 497 1973
6 | LY556-F400-Ar817-20-80-619 ) 4100 | 936 | 936 46 G926 54 41 4975 | 2040
Series graph:
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= | :
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Strain in %
Statistics:
Series Et Ty Ty gy Og g h b Ag
n=6| MPa MPa | MPa % MPa % mm mm mn?®
w4150 63,6 934 46 |[929 51 4072 [4978 2027
s Ti7 - 0,322] 00 0452) 0.3 |0,08329|1001125] 040
v 187 - 034 | 102 | 049 | 682 |206 023 195
LY556-F400-Aradur@17-20-80-61,9.z52 Page 1M
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Appendix F

F.1 Amine-cured system

Indentation measurements

LY556/XB3473, neat epoxy polymer

Load-unload Result

SEQ Frnax hmax hp hr HMT115 Hiis Hit Eit Cit nit Hv'* Length HT1156 Data name
[mN] [urn] [um] [um] Nmm2] | Nimm2] | [Nfmm?2] [Nfmm?2] (%] [%] [umn]

1 10.06 1.5808 0.4886 11742 131.421 124190 222568 2.843e+003 6.065 47.835 20.565 9734 16.997 XB3473_100_2(1)

2 10.06 1.5443 0.4497 11229 137.748 129912 240.214 2.856e+003 4882 51.238 22196 9641 17.330 XB3473_100_2(2)

3 10.05 1.5926 0.5085 11775 129376 124709 220475 2.772e+003 5425 49.210 20.372 9.990 16.123 XB3473_100_2(3)

4 10.06 1.5875 0.4989 11768 130322 127.507  221.280 2.809e+003 5.698 48.886 20.447 10.075 15.867 XB3473_100_2(4)

§ 10.05 1.6832 04628 11692 130.870 127137 223.394 2.797e+003 5604 49331 20642 9607 17.428 XB3473_100_2(5)
Average 10.06 1.5777 04817 1.1641 131.947 126.691 225.588 2.815e+003 5635 49.300 20844 9809 16.749
Std. Dev. 0.007 0.019 0.025 0.023 3.329 2314 8.254 34.127 0.433 1.233 0.763 0.211 0.713
CV 0.065 1.216 5130 2.001 2523 1.827 3.659 1.212 7.831 2.501 3659 2150 4,255

LY556/F400/XB3473, 3.7 vol% silica
Load-unload Result
SEQ Frax hmax hp hr HMT115 HMs Hit Eit Cit nit Hv* Length HT115 Data name
[mN] [um] fum] [um] Nfmm2] | [Nfmm2] | (Nfmm2] | [Nfmm?2] (%] [%] [um]

1 10.06 1.5872 05878 1.2153 130390 132616  211.697 3.032e+003 7.507 43553 19.561 9428 18128 Epoksy_80_b(1)

2 10,05 1.5363 0.5160 11453  139.041 138.744 234295 3.036e+003 5521 48.037 21.649 9543 17.670 Epoksy_80_b(2)

3 10,05 1.5615 0.5538 117563 134571 142,239  223.754 3.004e+003 6.346 46.257 20675 9289 18.647 Epoksy_80(1)

4 10.06 15728 05577 11892 132754 137524  219.330 2.992e+003 6678 45609 20.266 9468 17.961 Epoksy_80(2)

5 10,06 1.5690 05516 11860 133417 137149 220539 3.003e+003 6515 45771 20.378 9.346 18.438 Epoksy_80(3)
Average 10,06 1.5654 0.5534 11822 134035 137654 221923 3.013e+003 6514 45845 20,506 9.415 18.168
Std. Dev. 0.005 0019 0.026 0.025 3188 3.459 8.210 19.483 0712 1.604 0.759 0.100 0.386
CV 0.048 1.196 4610 2145 2.379 2518 3.700 0.647 10.830 3.498 3.700 1.063 2124
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LY556/F400/XB3473, 7.8 vol% silica

Load-unload Result

SEQ Frmax hmax hp hr HhAT1 15 Hhi Hit Eit Cit nit H'* Lenath HT114 Diata name
[rm] [um] [urm] [Litm] [Mfmm2] [Mimm2] [Mimmz] [Mimim 2] [%a] [46] [Litm]
1 10.04 1.6316 0.5458 1.1723 139.885 137.900 22T7.2235.263e+003 7316 43,653 20.995 §.304 18.588 HBEI4TI_600)
2 10.07 1.4886 0.5440 1.1242 148.271 140.882 245382 35.332e+003 6.821 44740 226713 5403 18.221 HBE34TI_B0¢2)
3 10.06 1.45950 na112 11211 146.962 143.855 245 F163.254e+003 6201 46 846 22 695 §185 19.093 HB34T73_B0{3)
4 10.06 1.6036 06302 1.1294 146277 140776 242 2683 222e+003 (483 45671 22385 84952 20,095 HBE34T3_60{4)
5 10.04 1.44988 0531 1.12349 146.071 142,729 244 1223.235e+003 G243 46.304 22.657 g.952 20,079 XBE34T73_60(5)
Average 10.06 1.6034 05326 1.1342 1452493 141.228 240.9203.269e+003 6.6173 45,443 22.261 9159 19.216
Std. Dew. 0.006 0.017 0.014 0.022 3221 2267 FIT2 42882 0.464 1.271 0.718 0.204 0.854
Cy 0.063 1.104 2600 1.887 2217 1.604 3.226 1.316 7018 2706 3.226 2232 4.4449
LY556/F400/XB3473, 12.3 vol% silica
Load-unload Result
SEQ Frmax hrmax hp hr HhAT115 Hhg Hit Eit Cit hit Hi'* Length HT115 Diata name
[tril] [urm] [urm] [urm] [Mrrmm 2] [Mrfm2] [Mrfnmz2] [MfmmE] [%6] [%6] [urm]
1 10.04 1.6301 0.6697 1.2114 1401565 140.045 217.139] 3.870e+003 4764 38.140 20.064 8671 21.398 HB34T3_40_2(2)
2 10.06 1.68121 0.a720 11866 143644 143.481 226335 3.670e+003 8.934 359,758 20,821 8833 200643 HB34T3_40_2(3
3 10.06 1.5096 0.6682 1.17949 144163 144816 227417 3.542e+003 8.543 40.462 21.013 B.374 22.968 HB3473_40_2(4)
4 10.04 1.4882 0.46580 1.1644 146.222 146.045 232475 3.542e+003 21491 41.297 21.481 8.4418 22.65449 HBa473_40_2(5)
@ 10.03 1.4752 0.64749 1.1374 160.4492 146.526 241.979| 3.560e+003 8.0586 41922 22,3549 8962 19.997 HB3473_40_2(6)
Average 10.04 1.4050 0.6632 1.1760 144.935 144183 228.869| 3.557e+003 8.706 40.326 21.147 8.658 21.5811
Std. Dew. n.01z 0.020 0.010 D.027 3,796 2897 49180 13.900 0678 1.448 0.g48 0.2449 1.251
i 0121 1.343 1.7849 2.330 2619 1.801 4.011 0.391 7.7E6 3.502 4.011 2.871 5814
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LY556/F400/XB3473, 17.2 vol% silica

Load-unload Result

SEQ Frmax hrmax hp hr HrAT115 Hhds Hit Eit it nit H* Length HT115 Data narne
[trid] [urmy] [urm] [urm] [Mfrmm 2] [Ffrm 2] [Mrfrmz2] [MImmz] [56] [56] [urm]
1 1004 1.3876 0.4920 1.0624 170.261 1R8.299 276 468 3.962e+003 §.604 44032 26,640 8692 21778 HB34T3_20_2(1)
2 1004 1.44849 0.6857 1.1421 166879 166.626 243.248| 3.917e+003 B.a11 38.845 22470 9014 19.778 HB34T3_20_2(2
3 1004 1.4173 0.5440 11014 163,166 163.399 269 481 3.952e+003 7649 41,482 23.976 8.764 20924 HB34T3_20_2(3
4 10.04 1.4073 056214 1.0841 165.506 163.456 266,452 3.907e+003 7.264 42,3249 24.620 9133 18.271 HBI4TI_Z20_2(4)
& 10.04 1.4004 0.4a38 1.0774 167 160 163.550 265,403 3.944e+003 7.096 42 946 24.883 8.023 22127 HBI4TI_Z20_2(0)
Average 10.04 1.4124 0.6264 1.0936 164,394 163.066 263.011| 3.936e+003 7484 41,9249 24,302 8.805 20,776
St Dew, n.ooz 0024 0.040 0.0 o416 4164 12,618 23.247 0.8497 1.847 1.166 0.263 1.236
Y 0.014a 1.667 7622 27849 3.264 2663 4797 0.5691 11.9849 4 BBT 4,797 24992 59449
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F.2 Anhydride-cured system

LY556/Aradur917/DY0Q70, neat epoxy polymer

Load-unload Result

SEQ Frrasx hrmasx hp hr HWT 115 Hhds Hit Eit Cit nit Hiw = Length HT114 Data name
[Fri] [urmn] [um] [Litm] [Mfmmz] [Nimimz] [Mimm2] [Mimim 2] [46] [%a] [yl

1 10.06 1.4679 06956 1.1286 152 476 143422 246135 3.686e+003 8.386 37.4871 22743 § 264 18.769 Aradur_100_d{1)

2 10.07 1.4883 0.6271 1.1416 148.326 147,773 240.216 3.479e+003 7122 39.891 22196 8.701 17118 Aradur_100_d{Z)

3 10.06 1.4952 06719 1.1362 146.954 147,625 241128 3.360e+003 5.3849 42025 22280 54814 17.799 Aradur_100_d{3)

4 10.07 1.4740 -0.2434 11106 1581.231 148158 251.086 3.391e+003 6465 43069 23.200 §.2949 18.634 Aradur_100_d{4)

] 10.04 1.4847 0.6975 1.1421 148.703 1745.204 240.087 3.601e+003 8154 40,078 22188 §.397 18.228 Aradur_100c(2)

B 10.04 1.4812 0.6881 1.1363 149,553 169.354 242169 3.494e+003 7906 40177 22376 5314 18.541 Aradur_100c(3)

7 10,07 1.4739 0.6539 1.1243 161.288 165.064 246924 3.493e+003 7323 41382 22816 9.806 16.761 Aradur_100c{4)

g 10.05 1.4803 0.6681 1.1347 149,689 166.767 242660 3.497e+003 7106 41.049 22422 5160 19170 Aradur_100c(8)

gq 10.06 1.4748 06546 1.1262 151.043 163.734 246159 3.492e+003 6.734 41 BAE 22745 §.032 15.749 Aradur_100c(E)

10 10.04 1.6545 0.8213 1.2234 136,763 134,283 211.985 3.415e+003 4652 34.442 19.588 9 656 17.255 Aradur_100{5)

11 10.04 1.6076 0.7375 1.1602 144,356 141.228 232735 3.407e+003 8127 38.340 21.5808 §.473 17.828 Aradur_100{&)

12 10.04 1.4012 06546 1.0450 167.023 146 636 2B81.258 3.659e+003 FA34 40 439 25988 §.4930 16.310 Aradur_100{7)

13 10.07 1.4141 0.68452 1.0672 164.384 147,778 272329 3.691e+003 TH7Y 39.180 256,163 101 16,7949 Aradur_100{3)

14 10.07 1.4427 0.6935 1.08749 1587.911 146.643 261.885 3.646e+003 ThH25 39.732 241498 §.695 17146 Aradur_100{9)
Average 10.06 1.4744 0.6147 1.1261 161.336 183114 246913 3.601e+003 7687 39 946 22815 Q624 17.801
Std. Dev. 0.0o8 0.038 0.253 0.042 FA12 12341 16.765 495918 0.8549 2157 1.549 0.305 1.128
Cy 0.084 2.652 41 196 3.756 5162 8.060 §.790 2.740 11.320 5.400 6780 3.203 6.3349
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LY556/F400/Aradur917/DY070, 2.5 vol% silica

Load-unload Result

SEQ Frmax hrmax hp hr HhAT11%5 Hhds Hit Eit it nit Hey'* Lenath HT114 Diata name
[l [um] [um] [um] [imme] [FfrmmiE] [MfrmmiE] [FfrmmiE] [%] [%6] [um]
1 10.06 1.4691 0.6638 11227 162164 150,301 247 701 3.528e+003 G824 40.438 22888 9472 17.950 Aradur_B0_2(1)
2 10.04 1.4827 0.6830 1133 149121 146,618 241,288 3.490e+003 7.608 38.9493 222495 9133 19.274 Aradur_80_2(2)
a3 10.04 1.4813 0.680F 1.1421 149316 147 885 240100 3.6539e+003 7463 39112 22185 9649 17.266 Aradur_B80_2(3)
4 10.04 1.4411 0.6278 1.0876 167.835 161.691 261.458 3.546e+003 6.473 41.6M 241569 9393 18.216 Aradur_80_2(4)
] 10.04 1.4480 06183 1.08458 166,414 160,946 258086 3.547e+003 fi.641 41 645 23.847 9276 1869 Aradur_80_2(5)
Average 10.04 1.4644 0.6547 11173 162 9649 149480 249 727 3.6530e+003 G962 40.338 23.075 9384 18.277
Std. Dew, 0004 0.0149 0.030 0.0za 4.013 2146 §.6849 23702 0.496 1.263 0.885 0196 0.762
C n.0s4 1.302 4 584 21493 2623 1.434 3.880 0671 7124 3132 3.880 2.084 4167
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LY556/F400/Aradur917/DY070, 5.4 vol% silica

Load-unload Result

SEQ Frmax hmax hp hr HWAT115 Hbis Hit Eit it hit H'* Length HT115 Data narme
[rri] [urm] [urm] [urm] [Mfrmmz] [Mfrmmz] [Mirnmz] [MfrmmE] [%] [%5] [urmn]

1 10.06 1.4642 0.6614 1.1408 163.249 163.788 242837 3.743e+003 7475 37.949 22.438 —_— —_— Aradur_B0{3)

2 10.04 1.4063 0.6017 1.0632 165643  159.834 27373 3.747e+003 5614 421745 25293 —_— —_— Aradur_B0{d)

3 10.05 1.4260 0.6430 1.0888  161.31 162588 262943 3.739e+003 5828 41.073 24.296 —_— —_— Aradur_B0{E)

4 10.04 1.4288 0.6451 1.0913 160.516 161.112 261.494 3.722e+003 6.5919 40.918 24162 —_ —_ Aradur_BO{7)

5 10.04 1.4331 064596 1.09598 189576 1487160 268,252 3.742e+003 A.226 401448 23.862 —_— —_— Aradur_B0(8)

3] 10.04 1.4300 06422 1.0940 160.261 167703 260.514 3.732e+003 §.380 40.418 24.071 —_— —_— Aradur_B0{9)

7 10.06 1.4353 0.6482 11007 1589475  156.808 258351 3.731e+003 6167 40.221 23.872 —_— —_— Aradur_B0¢10}

3 10.04 1.4311 06433 1.0875 160.020 166.284 269244 3.751e+003 [.282 40.282 23.954 —_ —_ Aradur_BO{11)

9 10.05 1.4296 06443 1.0956 160.488 166.804 260,234 3.763e+003 G248 40.416 24.046 —_— —_— Aradur_BO{12)

10 10.04 1.4314 0.63495 1.0945  159.93 156.045 260138 3.717e+003 §.317 40.481 24.037 —_— —_— Aradur_B0{13)

11 10.04 1.4269 0.6388 1.0885 1604843 157.784 262658 3.720e+003 6.135 40.750 24.270 —_— —_— Aradur_B0¢14)

12 10.05 1.4385 0.6518 11017 168.478 166820 267224 3.698e+003 f.3590 40141 23.768 —_— —_— Aradur_B0{15)

13 10.04 1.4286 0.6403 1.0840 160618 1467.421 260722 3.754e+003 §.305 40.534 24.091 —_— —_— Aradur_B0{16)

14 10.05 1.4251 0.6346 1.0857 161473 157.570  Z264.005 3.720e+003 6.268 40.816 24.394 —_— —_— Aradur_B0{17)

15 10.04 1.4323 0.6447 1.0943 1589758  157.875 260168 3.706e+003 6.281 40.534 24.0349 —_— —_— Aradur_B0¢18)

16 10.04 1.42598 06378 1.0895 160.819 167.992 262.039 3.699e2+003 A.269 40.746 24212 —_— —_— Aradur_BO{13)

17 10.04 1.4306 06446 1.0966 160126  165.896 259696 3.745e+003 §.407 40.160 23.987 —_— —_— Aradur_B0{20)

18 10.05 1.4288 0.6432 1.0824 160645 156122 261.358 3.732e+003 £.395 40.408 24.150 —_— —_— Aradur_B0{21)

19 10.07 1.4306 06362 1.0886 160.572 166.934 262950 3.692e+003 f.245 40.949 24297 —_ —_ Aradur_B0(22)

20 10.04 1.4317 06403 1.0946 169.857 166.842 260.067 3.716e+003 f.312 40524 24030 —_— —_— Aradur_BO(Z3)

21 10.04 1.4331 06422 1.0966 159565  156.974 259299 3.713e+003 §.386 40.246 23.9549 —_— —_— Aradur_B0{24)

22 10.07 1.4438 0.6559 11129 1587663  159.287 253617 3.744e+003 6.459 39.736 23.434 —_— —_— Aradur_B0{25)

23 10.07 1.4354 0.6359 1.0854 160.011 166.094 260483 3.7156e+003 f.o44 40.490 24069 —_ —_ Aradur_BO(ZE)

24 10.07 1.4331 06446 1.0947 160.043 147.054 260,701 3.713e+003 f.375 40517 24089 —_— —_— Aradur_BO(Z7)

25 10.04 1.4371 0.6508 1.1060 158674 155230 255806 3.752e+003 §.527 39.804 23.636 —_— —_— Aradur_B0{28)

26 10.07 1.4328 0.6409 1.0845 160072 155445 260764 3.707e+003 £.304 40.483 24.085 —_— —_— Aradur_B0{249)

27 10.06 1.4362 06483 1.1008 169201 1467.719 268121 3.721e+003 G821 40.258 23.850 —_ —_ Aradur_BO(30)
Average 10.05 1.4322 06427 1.0960 159.944 167.207 269.901 3.727e+003 G207 40.414 240148 e e
Std. Diev. ooz 0.009 0.010 ootz 1.910 1.833 4845 18.563 0.304 0672 0.448 —_— —_—
(8l 0123 0.628 1.674 1.121 1.194 1.166 1.664 0.498 4822 1.664 1.664 —_— —_—
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LY556/F400/Aradur917/DY070, 8.6 vol% silica

Load-unload Result

SEQ Frmax hrmax hp hr HhAT1 15 Hhds Hit Eit Cit nit H'* Length HT114 Diata name
[rm] [Litm] [urn] [Litm] [Mfrmm2] [Mimim 2] [Mfrmm2] [Mfrmm2] [46] [%a] [urn]

1 10.04 1.33049 0.6544 0.9923 185.309 192,569 309.369 4.120e+003 4.808 44234 2B8.686 92349 18.857 Aradur_40hi1}

2 10.04 1.3893 0.6604 1.093 167.551 177275 264815 4121e+003 F.027 37.806 2444 2.8113 20712 Aradur_40h{Z)

3 10.04 1.3844 0.B5E0 1.0797 171184 176745 270.901 4192e+003 7764 37.5492 250 8.743 21.047 Aradur_40h{3)

4 10.04 1.38649 06518 1.0897 168.038 176128 265.807 4.117Fe+003 F.300 38.084 24 561 8702 21.230 Aradur_40hi{4)

] 10.04 1.3823 0.6350 1.0720 171.874 179116 273.659 4.143e+003 6.718 39.163 25,288 8.874 20.4049 Aradur_40hi{g)

f 10.04 1.3756 0.6161 1.0602 173.260 178.735 278758 4109e+003 6.274 40176 25757 8812 20,706 Aradur_40h{g)

7 10.04 1.35449 0.6824 1.0401 178591 178.148 288,883 4195e+003 6.381 40.271 26.694 8.7a0 20.804 Aradur_40hi{7)
Average 10.04 1.3744 0.6223 1.06149 173.644 179.674 278843 4.142e+003 6.682 39.633 25,765 8.864 20.638
Std. Dev. 0.004 0.024 0.041 0.033 f.3149 5825 15801 36.261 1.003 2208 1.4E0 n17a 0.786
C 0.04a 1.773 G514 3.129 3.6349 3.242 5 667 0874 15.011 5798 5667 2016 3.828

LY556/F400/Aradur917/DY070, 12.3 vol% silica
Load-unload Result
SEQ Frmax hrmax hp hr HMT115 Hhis Hit Eit it nit Hi= Length HT114 Data name
[l [urm] [urm] [urm] [MmimE] [frnmz] [Mrnim ] [MmimE] [%] [%] [urm]

1 10.04 1.3762 06450 1.0874 173.029 176.339 268.838 4.402e+003 7.810 36.338 24841 8.430 22612 Aradur_20(3)

2 10.05 1.2693 05183 0.9528 203.630 192.077 339.832 4.537e+003 4.042 43.947 31.400 8.862 20.485 Aradur_2004)

3 10.04 1.3374 0.6028 1.0347 183.305 182.087 283.353 4.397e+003 5.8649 359.688 27106 2613 22183 Aradur_2008)

4 10.05 1.3501 0.6124 1.0494 180.040 1749.389 2B86.263 4.374e+003 6.158 359.040 26.4481 2.468 22.444 Aradur_20(6)

& 10.04 1.3610 06318 1.06749 176.971 179.280 277665 4 416e+003 F.824 ara1z 25 656 8728 21100 Aradur_20(7)

] 10.05 1.3736 0.6498 1.0818 173.850 1745.980 271.346 4.385e+003 T.204 36.675 25072 8.795 20.7M Aradur_2008)
Average 10.05 1.3446 0.6100 1.0457 181.804 180.694 289.549 4.418e+003 6266 38.816 26.754 8633 21.602
Stil. Dew. 0.005 0.040 0.048 0.050 11.361 6.101 26.287 59.815 1.264 2.827 24249 0184 0.919
Ch 0.053 2948 7945 474 f.249 3.377 §.0749 1.354 20009 7283 §.0749 2140 4255
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