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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 økt betydelig de siste par tiårene. 
Hovedgrunnen til dette er at komposittmaterialer er lettvekts materialer med høy styrke og 
stivhet. Dette gjør dem interessante som erstatning for andre materialer, for eksempel metaller, 
som blir benyttet i dag. Av denne grunn utvikles det komposittmaterialer ved FFI, og hovedmålet 
er anvendelser som er relevante for militære formål. Dette inkluderer også forskning på polymere 
nanokompositter, der forsterkninger av nano-størrelse blir benyttet.  
 
Epoksypolymerer er mye brukt i komposittmaterialer og lim. For mange bruksområder er det 
imidlertid nødvendig å forbedre materialegenskapene. En metode for å bedre 
materialegenskapene, er å tilsette uorganiske partikler til polymeren. Denne forsterkningen har 
potensiale til å endre mekaniske materialegenskaper, som for eksempel stivhet, styrke og 
bruddseighet.  
 
I denne studien har effekten av å tilsette 20 nm silika nanopartikler til to ulike epoksypolymerer 
blitt undersøkt. 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 så 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 på elastisitetsmodulen til materialene, og stivheten målt med de tre ulike 
teknikkene ble sammenliknet.  
 
Stivheten til begge epoksyene økte ved tilsetning av silika nanopartikler. Den relative økningen i 
de målte mekaniske egenskapene var størst for den anhydridherdede polymeren. For den 
aminherdede polymeren var det god overensstemmelse mellom stivhet målt ved strekktesting og 
DMA. Stivhet målt ved indentering lå konsekvent høyere. For den anhydridherdede polymeren 
var det også relativt god overensstemmelse mellom stivhet målt ved strekktesting og DMA. 
Resultatene fra indentering var imidlertid svært forskjellige. Det ble også vist at stivheten til den 
rene anhydridherdede polymeren kan endres når blandingsforholdet mellom epoksy og herder 
endres – indikert ved endring i glassomvandlingstemperaturen. Dette kan ha hatt innvirkning på 
den målte 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/eq. 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, SiO2) 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/m3. 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 80oC 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 120oC, 
2 hours at 140oC, and 2 hours at 180oC for the amine-cured system, and (2) 4 hours at 80oC, and 8 
hours at 140oC 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%1  LY556 F400 XB3473 Aradur917 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 2.5  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 YDK01 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, Vsilica, in the composite was calculated from 
 

                     composite
silica silica

silica

V W
ρ

= ⋅
ρ

 
(3.1) 

 
where Wsilica is the weight fraction of silica in the composite, ρcomposite is the density of the 
composite, and ρsilica is the density of silica. Wsilica 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, ρcomposite,calculated, can be calculated from  
 

                     composite,calculated
polymer silica

polymer silica

1
W W

ρ =
+

ρ ρ

 
(3.2) 

 
where Wpolymer is the weight fraction of polymer in the composite, and ρpolymer is the density of the 
polymer.  
 

                                                           
1 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, Vsilica, 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 × 10 mm × 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 
200oC at a heating rate of 3oC/min. The value of the storage modulus, E’, was measured at a 
temperature of 30oC, and the value of the glass transition temperature, Tg, 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, Mc, for an unmodified thermoset polymer can be 
determined from  
 
                     10 r polymer clog (E / 3) 6.0 293 / M= + ⋅ρ  (3.3) 

 
where Mc has the units of g/mol, and Er, is the rubbery equilibrium tensile modulus in units of Pa, 
see [4] and the references therein. Mc for the neat epoxy polymers was determined. The value for 
Er was determined from the plateau of the storage modulus in the DMA test at Tg + 40oC. (As 
mentioned above, the Tg 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 × 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, Et, the maximum tensile 
stress, or the tensile strength, σm, and the maximum elongation, or tensile strain at break, εb. Et 
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 ± 1oC.   
 
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.  
 

 
  Dimensions in mm  
l3  Overall length 100 
l1 Length of narrow parallel-sided portion 30.0 ± 0,5 
r Radius ≥30 
l2 Distance between broad parallel-sided portions 58 ± 2 
b2 Width at ends 10.0 ± 0.5 
b1 Width at narrow portion 5.0 ± 0.5 
h Thickness ≥2 
L0 Gauge length  25.0 ± 0.5 
L Initial distance between grips --  

Figure 3.1 Dimensions of type 1BA test specimen in ISO 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 × 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, Eit, which is determined from the slope of the tangent of the unloading curve. The 
second is the indentation hardness, Hit, which is the projected area of contact between the indenter 
and the sample. Hit 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 
Hit:   
 
                     itHV* 0.0924 H= ⋅  (3.4) 
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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 ± 1oC. 
 
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/m3, see Table 4.1. The addition of 
silica gradually increased the density to 1314 kg/m3 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/m3, gradually increasing to 1312 
kg/m3 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/m3, 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, Mc, 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, Tg, generally indicates a higher 
crosslink density. (Er for the composites will be affected by the presence of the silica particles, 
and not only by the epoxy polymer network. Hence, Mc for the composites was not calculated.)  
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Table 4.1 Measured densities, ρ, and calculated densities, ρcalculated, and silica content, in wt % 
and vol%, for the epoxy polymers and the composites.  

Amine-cured system  Anhydride-cured system 
wt% 
silica 

ρ       
(kg/m3) 

ρcalculated 
(kg/m3) 

vol% 
silica  wt% 

silica 
ρ       

(kg/m3) 
ρcalculated 
(kg/m3) 

vol% 
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 
13.4 1228 ± 5 1233 7.8  9.1 1244 ± 1 1250 5.4 
20.3 1270 ± 1 1275 12.3  14.2 1275 ± 2 1279 8.6 
27.5 1314 ± 1 1322 17.2  19.8 1304 ± 1 1312 12.3 

 
 

 

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

 

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

Epoxy polymer Tg          
(oC) 

ρ       
(kg/m3) 

Er       
(MPa) 

Mc   
(g/mol) 

Amine-cured  186 ± 2 1159 ± 1 39.7 ± 1.4 303 
Anhydride-cured 155 ± 0 1201 ± 2 32.2 ± 3.4 341 
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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 Tg 
remained almost constant at around 186oC. However, a small decrease in Tg 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 Tg with increasing silica content. The decrease in Tg was 
from 155oC to 143oC. Examples of DMA-curves are given in Figure 4.3.  
 
The decrease in Tg 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, Tg, of the epoxy polymers 
and the composites.  

Amine-cured system  Anhydride-cured system 
vol% 
silica 

E'       
(MPa) 

Tg        
(oC)  vol% 

silica 
E'         

(MPa) 
Tg           

(oC) 
0.0 2610 ± 30 186 ± 2  0.0 2990 ± 40 155 ± 0 
3.7 2870 ± 50 186 ± 2  2.5 3240 ± 40 154 ± 1 
7.8 3090 ± 30 187 ± 1  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.  

 

Figure 4.3 Typical DMA-curves for the anhydride-cured system.  
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Figure 4.4 Storage modulus, E’, and glass transition temperature, Tg, of the amine-cured 
system.  

 
 

 

Figure 4.5 Storage modulus, E’, and glass transition temperature, Tg, 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 Tg. 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, Tg, 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 
Tg is reduced when non-stoichiometric amounts of hardener are used. The Tg 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 Tg and an increase of E’. For 
example, in the case that the Tg is reduced by 10oC, 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 Tg may be correlated to a change in the 
elastic modulus. A lower Tg 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, Mc, and the 
amount of hardener. There might be a small tendency of increasing Mc, 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, Tg, tensile storage modulus in the rubber plateau region, Er, 
density, ρ, and molecular weight between crosslinks, Mc, are given.2  

 
 

 

Figure 4.6 Storage modulus, E’, and glass transition temperature, Tg, as a function of the 
amount of hardener in the anhydride-cured system. 3  

 
 

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

EEW Parts by weight of 
components 

E'       
(MPa) 

Tg     
(oC) 

Er    
(MPa) 

ρ 
(kg/m3) 

Mc 
(g/mol) 

LY556 Aradur917 DY070 
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 33.5 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 4.7 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, Et, 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, σm, 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, εb, on the other 
hand, is significantly reduced by the addition of the silica nanoparticles. The yield strength, σy, 
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, Et, 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, σm, was gradually 
improved with addition of silica to the polymer, whereas a minor reduction in the strain at break, 
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εb, 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 Et/Et,0 graphs in Figure 4.10, where Et,0 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% 
silica 

Et         
(MPa) 

σm         
(MPa) 

εb        
(%)  vol% 

silica 
Et          

(MPa) 
σm         

(MPa) 
εb        

(%) 
0.0 2610 ± 30 69 ± 4 4.8 ± 0.6  0.0 3030 ± 70 85 ± 1 5.8 ± 0.5 
3.7 2800 ± 50 68 ± 2 4.1 ± 0.2  2.5 3280 ± 50 89 ± 1 5.7 ± 0.4 
7.8 3040 ± 70 66 ± 2 3.5 ± 0.3  5.4 3530 ± 100 89 ± 2 4.9 ± 0.7 
12.3 3310 ± 80 69 ± 1 3.3 ± 0.2  8.6 3800 ± 90 88 ± 5 4.3 ± 1.1 
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 Et-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.  
 

 

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

0 vol% 

7.8 vol% 
17.2 vol% 
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Figure 4.9 Typical stress-strain curves for the anhydride-cured system. The silica content is 
indicated.  

 

 

Figure 4.10 Et/Et,0 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, Eit, with increasing silica content in the composite, see Table 4.6. The increase in Eit 
was close to linear, but there was a small tendency of an incremental increase with increasing 
silica content. The value of Eit 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 Eit 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, Eit 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% 
silica 

Eit       
(MPa) 

Hit       
(MPa) HV*  vol% 

silica 
Eit       

(MPa) 
Hit       

(MPa) HV* 

0.0 2820 ± 30 226 ± 8 20.8 ± 0.8  0.0 3500 ± 100 247 ± 17 22.8 ± 1.5 
3.7 3010 ± 20 222 ± 8 20.6 ± 0.8  2.5 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 ± 0.4 
12.3 3560 ± 10 229 ± 9 21.1 ± 0.8  8.6 4140 ± 40 279 ± 16 25.8 ± 1.4 
17.2 3940 ± 20 263 ± 13 24.3 ± 1.2  12.3 4420 ± 60 290 ± 26 26.8 ± 2.4 
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Figure 4.11 Indentation modulus, Eit, 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 
Et, 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 ± 1oC, while E’ from the 
DMA analysis was determined at 30oC. 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 30oC 
(compared to 22oC), for the amine-cured system. This effect should be taken into account when 
evaluating the results. The Eit value, measured by indentation, conducted at 22oC, gave a value 
that was consistently around 200 MPa higher than the Et 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.  
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Table 4.7 Comparison of the elastic modulus obtained by tensile testing (elastic modulus, Et), 
DMA (storage modulus, E’), and indentation measurements (indentation modulus, 
Eit).  

Amine-cured system  Anhydride-cured system  
vol% 
silica 

Et         
(MPa) 

E'       
(MPa) 

Eit       
(MPa) 

 vol% 
silica 

Et         
(MPa) 

E'       
(MPa) 

Eit       
(MPa) 

0.0 2610 ± 30 2610 ± 30 2820 ± 30  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, Tg, 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 Tg was decreased, as the result of excess hardener. A Tg-reduction of 10oC 
gave an increase of E’ of around 150 MPa. Hence, it is likely that the Tg-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 Et, 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 
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A.2 Araldite LY 556 / Aradur 917 / Accelerator DY 070  
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A.3 Nanopox F 400  
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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 ISO 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 
Pmax, held at Pmax 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.  
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Appendix D Anhydride-cured composite that was under-
cured   

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 
ρ (kg/m3) 1244 ± 1 1253 ± 1 
Tg (oC) 151 ± 0 133 ± 0 
E' (MPa) 3410 ± 80 3780 ± 90 
Er (MPa)  39.8 ± 1.2 38.2 ± 0.2 
Et (MPa) 3530 ± 100 3940 ± 50 
σm (MPa) 89 ± 2 74 ± 4 
εb (%) 4.9 ± 0.7 2.3 ± 0.2  
 
A much lower Tg, which would indicate a lower crosslink density of the epoxy polymer, and 
higher values for E’ and Et were observed for the under-cured composite. Much lower values of 
σm and εb were also observed, indicating that the under-cured composite is much more brittle than 
the fully cured composite.  
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Appendix E Tensile test results  

E.1 Amine-cured system  

LY556/XB3473, neat epoxy polymer  
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LY556/F400/XB3473, 3.7 vol% silica  
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LY556/F400/XB3473, 7.8 vol% silica  
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LY556/F400/XB3473, 12.3 vol% silica  
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LY556/F400/XB3473, 17.2 vol% silica  
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E.2 Anhydride-cured system  

LY556/ Aradur917/DY070, neat epoxy polymer  
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LY556/F400/ Aradur917/DY070, 2.5 vol% silica  
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LY556/F400/ Aradur917/DY070, 5.4 vol% silica  
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LY556/F400/ Aradur917/DY070, 8.6 vol% silica  
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LY556/F400/ Aradur917/DY070, 12.3 vol% silica  
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Appendix F
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LY556/F400/XB3473, 7.8 vol% silica  

 
 
LY556/F400/XB3473, 12.3 vol% silica  
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LY556/F400/XB3473, 17.2 vol% silica  
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F.2 Anhydride-cured system  

LY556/Aradur917/DY070, neat epoxy polymer  
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LY556/F400/Aradur917/DY070, 2.5 vol% silica  
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LY556/F400/Aradur917/DY070, 5.4 vol% silica  
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LY556/F400/Aradur917/DY070, 8.6 vol% silica  

 
 
LY556/F400/Aradur917/DY070, 12.3 vol% silica  
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