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A B S T R A C T   

The influence of fumed silica as reinforcement filler is investigated on the Mullins stress softening in composite 
silicone elastomers. Especially, the impact of surface area, loading level, surface chemistry, and structure 
modification of fumed silica is evaluated on the fatigue behavior of high consistency silicone rubber. It is 
observed that high loading level and large surface area of fumed silica increase the energy loss during initial 
loading cycles which is related to disruptions in filler-polymer interactions. Addition of a processing aid or 
hydrophobization of the silica surface decrease the brittleness and energy loss of the compounds. A close cor
relation between Shore A hardness and energy loss is found confirming the contribution of the filler-polymer 
interactions on Mullins stress-softening. At the same time, the permanent set remains almost independent of 
the surface hydrophobicity of the filler indicating a breakdown of the structured silica agglomerates during initial 
deformation. To improve the fatigue resistance of the silicone elastomer, a structure modified and hydrophobic 
silica, AEROSIL® R 8200, was used leading to the lowest permanent set even at high loading levels in combi
nation with good mechanical reinforcement. The reduction in energy loss and permanent set is attributed to the 
combination of hydrophobic surface and low aggregate structure of the silica preventing agglomerate breakdown 
and chain disentanglements at the silica surface. This study provides fundamental understanding on the relation 
between filler-polymer interactions, filler morphology and Mullins stress softening for the rational design of 
future filler particles in reinforced elastomer composites with improved fatigue resistance.   

1. Introduction 

Elastomers are viscoelastic materials which can extend to extreme 
elongations with minimal plastic deformation. This elastic behavior 
makes elastomers ideal for applications requiring dynamic loadings and 
sealing behavior [1]. Silicone rubber, described by a molecular back
bone of -Si-O- repeating units, is an organosilicon elastomer commonly 
found in applications requiring high temperature ranges and high 
chemical inertness [2]. Despite the higher temperature resistance than 
organic rubbers due to the -Si-O- backbone with a bonding energy of 
466 kJ/mol, silicone elastomers have relatively weak mechanical 
properties because of poor intermolecular forces between the polymer 
chains [3]. To improve these low mechanical properties, reinforcement 
of the elastomer is necessary by small particle fillers such as synthetic 
silica [4,5]. 

Synthetic silica, which is the filler of choice for silicone elastomers 
due to its great compatibility and retention of optical transparency, is an 
amorphous silicon dioxide which can be produced in an aqueous solu
tion, for precipitated silica, or via a flame hydrolysis process, for fumed 
silica [6]. The significant differences in production processes for fumed 
and precipitated silicas result in completely different silica aggregate 
morphologies. Precipitated silica is based on amorphous, low structured, 
porous and three-dimensionally clustered aggregates [7], and fumed 
silica consists of amorphous, chain-like, branched aggregates [8,9]. 
Primarily, fumed silica is used for silicone rubber as a reinforcing agent 
due to its specific aggregate morphology leading to a higher reinforce
ment that is defined as the increase in tensile strength, tear resistance, 
abrasion resistance and modulus above expected values based on 
Einstein-Guth and Gold theory [10]. The effects of reinforcement are 
dependent on polymer and filler types, and the degree of dispersion of 
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fillers in the elastomer matrix [11,12]. The following filler factors in
fluence the reinforcement of elastomers: (1) contact area between the 
particle and polymer based on the primary particle size, specific surface 
area, and filler loading level, (2) restrictive properties of the filler based 
on the structure or the degree of irregularity, and (3) filler-filler and 
filler-polymer interactions based on the surface reactivity [13,14]. The 
filler-polymer interactions involve adsorption and entanglement of the 
chains at the filler surface [15,16]. 

While fumed silica is a powerful reinforcing agent, its addition in
duces undesirable, non-elastic behavior during dynamic testing leading 
to permanent deformations of the elastomer. Fatigue is described as the 
weakening or destruction of material due to loading. Elastomers are 
unique because of their viscoelastic behavior resulting in sensitivities to 
the type of loading, stress amplitude, strain amplitude, strain rates, 
loading history and the environmental conditions [17]. Due to these 
sensitivities, an extensive variety of fatigue testing methods exists, 
investigating properties like crack propagation, energy loss, and fatigue 
life in which Weibull distribution functions are appropriate for repre
senting fatigue testing of rubber elastomers [18]. 

Compressive, shear, tensile, and torsional fatigue tests results are 
used to understand the effects of different polymer systems. This in
cludes investigations into the effects of different fillers on the elastomer 
polymer network. Fillers, which are necessary for the reinforcement of 
elastomers, introduce additional effects during dynamic testing which 
otherwise does not occur in unfilled elastomers [19]. These effects 
include the Payne and Mullins effects, respectively termed after the 
leading contributing researchers describing these unique dynamic be
haviors of filled rubber [20,21]. When measuring the response of filled 
elastomers in low strain amplitudes (<10%), the Payne effect can be 
monitored, while at medium to high strain amplitudes (>20%), the 
Mullins effect can be observed [22]. 

In silicone elastomers, the Mullins stress softening is attributed to 
bond rupture or slippage of chain entanglements along the filler surface 
of chains reaching their limit of extensibility [23,24]. Thereby, the 
Mullins effect is a strongly anisotropic phenomenon [25]. Uniaxial 
tensile preconditioning in one direction hardly causes any stress soft
ening in the perpendicular direction. As mentioned, covalent bond 

scission contributes significantly to the stress softening and is highly 
anisotropic as proven also by mechanoluminescence of filled silicone 
elastomers [26]. The scission of even a small number of covalent bonds 
plays a discernible role in the Mullins effect of reinforced silicone elas
tomers. Since fatigue resistance and long-term reliability of mechanical 
properties are key requirements of silicone elastomers for their appli
cations, especially in novel technologies such as soft robotics [27,28], 
the influence of different types of silica fillers on the Mullins stress 
softening needs to be well understood. 

In this study, morphological factors of fumed silica are studied on 
thier influence on the stress softening of high consistency silicone rubber 
(HCR). Silica filled HCR is an ideal rubber compound for investigating 
fatigue damage based on filler-polymer interactions. Different grades of 
fumed silica varying in aggregate morphology, specific surface area and 
surface chemistry are in focus of this investigation to acquire funda
mental information on the Mullins effect of reinforced silicone elasto
mers. To gain insight into these properties, cyclic stress softening tensile 
studies were performed on a broad number of silica fillers. The magni
tude of energy loss and permanent set are used to describe the resulting 
stress softening in changes of filler surface area, surface chemistry, and 
aggregate morphology. It is observed that the fatigue resistance can be 
significantly improved by applying structure modified hydrophobic 
silica fillers. 

2. Experimental 

2.1. Materials 

To ensure reproducibility of the results all components including the 
silica used in this study are commercial and globally available. The 
dimethylsiloxane, methyl vinyl gum with a molecular weight (Mn) of 
200,000 g/mol known as BLUESIL™ GUM 751 supplied by Elkem was 
used as the base polymer for HCR formulations. The vinyl groups are 
located along the backbone with a vinyl content of 800 ppm. Hydroxyl 
terminated polydimethylsiloxane with a dynamic viscosity of 35–50 
mPas at 25 ◦C was used as the processing aid. A peroxide cure agent, di 
(2,4-dichlorobenzoyl)peroxide, known as DCLBP-50-PSI was supplied 

Table 1 
Properties of AEROSIL® fumed silica used in this investigation.  

Silica name (Abbreviation) BET - specific surface area (m2/g) Hydrophobic (R) - structure modified (M) Surface treatment reagent 

AEROSIL® 90 
(AE 90) 

90 – – 

AEROSIL® 150 
(AE 150) 

150 – – 

AEORISL® 200 
(AE 200) 

200 – – 

AEROSIL® 255 
(AE 255) 

255 – – 

AEROSIL® 300 
(AE 300) 

300 – – 

AEROSIL® 380 
(AE 380) 

380 – – 

AEROSIL® R 104 
(AE R 104) 

150 R Octamethylcyclotetrasiloxane 

AEROSIL® R 106 
(AE R 106) 

250 R Octamethylcyclotetrasiloxane 

AEROSIL® R 812 
(AE R 812) 

260 R Hexamethyldisilazane 

AEROSIL® R 812 S 
(AE R 812 S) 

220 R Hexamethyldisilazane 

AEROSIL® R 972 
(AE R 972) 

110 R Dimethyldichlorosilane 

AEROSIL® R 974 
(AE R 974) 

170 R Dimethyldichlorosilane 

AEROSIL® R 976 
(AE R 976) 

250 R Dimethyldichlorosilane 

AEROSIL® R 8200 
(AE R 8200) 

160 R - M Hexamethyldisilazane  
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by United Initiators. 
Fumed silica under the brand name of AEROSIL® of different surface 

areas, primary particle sizes, and hydrophobicities were provided by 
Evonik Industries AG. The properties of the fumed silica for this study 
are shown in Table 1. The used fumed silica is classified by its hydro
phobicity (R), structure modification (M), and/or surface area. Seven of 
the chosen fumed silica have an unmodified hydrophilic surface, shown 
in Table 1 as AEROSIL® followed by the mean surface area (e.g. AER
OSIL® 300 is an unmodified hydrophilic fumed silica with mean surface 
area of 300 m2/g). Hydrophobic AEROSIL® are denoted using R fol
lowed by a number representative of different hydrophobization agents 
(see Table 1). AEROSIL® R 812 and AEROSIL® R 812 S are both surface 
modified AEROSIL® 300, using the hydrophobization reagent HMDS. 
The additional “S” represents further hydrophobization in which AER
OSIL® 300 is treated with HMDS for a longer amount of time. Structure 
modified AEROSIL® are denoted with a four-digit number such as 
AEROSIL® R 8200. 

2.2. Formulation 

In standard HCR formulation, 100 parts per hundred (silicone) rub
ber (phr), 40 phr silica, and 6 phr of processing aid are used. Processing 
aid was used only for hydrophilic silica formulations, but not for any 
hydrophobic silica formulations. AEROSIL® 200 was used for in
vestigations of variations in silica loading levels and testing the effects of 
processing aid. To investigate the effects of different loading levels of 
silica filler on dynamic properties, AEROSIL® 200 was incorporated at 
loading levels of 20, 30, 40, 50, and 60 phr. 

A two-roll mill, Servitec Maschinenservice GmbH, was used for the 
processing and mixing of HCR. This processing was separated into two 
sections, namely silica incorporation (nip size of 0.75 cm, a roll speed of 
20 rpm, friction ratio between the front and back rolls of 1.3) and cure 
package incorporation (seven days after first processing, nip gap of 0.95 
cm, roll speed of 20 rpm, friction ratio of 1.3). A sufficient compounding 
time was applied to ensure consistent and uniform agglomerate sizes in 
the composites. After the addition of peroxide, samples were left to rest 
overnight before curing. 

2.3. Sample preparation 

To cure and prepare HCR samples for mechanical testing, a Wickert 
heating press was used. Puck and square shaped plaques of a respective 
thickness of 6 mm and 2 mm were created for the mechanical tests. The 
HCR compounds were cured at a temperature of 140 ◦C and a pressure of 
130 bar. An additional post-curing step was carried out in a convection 
heated oven for 6 h at 200 ◦C. Before mechanical testing, the samples 
were placed in a climate-controlled room for a minimum of 3 days. 

2.4. Characterization methods 

2.4.1. TEM imaging 
HCR filled with fumed silica were cryo-cut and imaged in a Hitachi 

H-7500 transmission electron microscope (TEM). The analysis of the 
images was performed by the software iTEM from EMSIS. 

2.4.2. Hardness testing 
Shore A hardness tests were performed using a SIMTEC hardness 

tester according to DIN 53505 standards. The average hardness of a total 
of 5 test points was calculated using a puck with a diameter of 50 mm 
and a thickness of 6 mm. 

2.4.3. Tensile testing 
Tensile and dynamic stress softening testing were performed using a 

Zwick/Roell ZO10 with a 500 N loading cell and pressurized clamps. 
Specimen dimensions follow ASTM D412 C standards and were created 
using the Zwick die cutter. Tensile tests were performed at an elongation 

speed of 500 mm/min with an initial 0.5 N sample loading. The nominal 
strain was calculated according to Equation 1 and related to the initial 
elongation after 0.5 N loading which was always 60 mm in length. The 
nominal stress was calculated according to Equation 2. For each sample, 
the thickness was measured and directly entered into the Zwick software 
to calculate the sample area. A minimum of 8 samples were used to 
calculate the average value for the maximum nominal stress and strain 
while using the crosshead displacement. 

Equation 1 – nominal strain 

ε=ΔI
I0 

Equation 2 – nominal stress 

σ =
F⊥

A  

2.4.4. Mullins testing 
Dynamic property testing was performed according to Fig. S1. 

Samples were stretched to an initial elongation of 50% in the first cycle 
and returned to a minimum load of 0.5 N. Every consecutive cycle 
increased elongation by a value of 50% until the specimen breaks. Using 
a loading/unloading elongation speed of 500 mm/min, the maximum 
stress, maximum elongation, energy loss per cycle, and permanent set 
were calculated. 

The energy loss per cycle is calculated according to Fig. S2 where 
energy loss is the difference between the area between the loading and 
unloading curves. Energy loss was only calculated for complete cycles in 
which the loading and unloading curves reached the respective elon
gation and returned to 0.5 N force. The sum of the energy loss for each 
cycle results in the total energy loss as in Equation 3. 

Equation 3 – total energy loss 

Etotal =
∑n

i=1
Ecycle i 

Analogous to energy loss, the elongation is measured on the final 
complete cycle. The change in permanent set per cycle is calculated 
according to Equation 4. The average values are calculated for both 
permanent set and change in permanent set per cycle. 

Equation 4 – change in permanent set 

ΔεPS =
⃒
⃒εcycle i+1 − εcycle i

⃒
⃒

3. Results and discussion 

HCR formulations were reinforced either by hydrophilic or hydro
phobic silica. All formulations which use hydrophilic silica were pre
pared with and without a processing aid for comparison. Compounds 
with hydrophobic silica remain soft and do not require the addition of 
processing aid. Therefore, this difference in formulations is analyzed and 
discussed in the following results. 

Regarding the mechanical properties, only the hardness of the 
compounds is discussed to establish a correlation to the Mullins effect. 
Fig. 1a depicts Shore A hardness as a function of filler loading for hy
drophilic fumed silica of AE 200 with and without processing aid. With 
processing aid, the hardness increases in a linear fashion with loading 
level from 35 Shore A at 20 phr to 70 Shore A at 60 phr due to stronger 
polymer-particle and particle-particle interactions in the compound. 
This trend is in agreement with the increase of the E-modulus with 
loading level for precipitated silica as previously reported, whereby the 
tensile strength showed an optimum at a critical correlation length 
among aggregates [29]. Stronger interactions are observed for the 
compound without processing aid for which the Shore A hardness in
creases by a factor of 10 over the entire loading level following also an 
almost linear trend. The hardness depends almost linearly on the surface 
area of the hydrophilic fumed silica in the range from 90 m2/g to 300 
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m2/g for compounds filled at 40 phr silica and processing aid (Fig. 1b). 
The rise in hardness from 40 Shore A for 90 m2/g to 65 Shore A for 380 
m2/g is attributed also to enhanced polymer-particle and 
particle-particle interactions. The total number of silanol groups capable 
of hydrogen bonding is significantly enlarged with higher surface area. 
Reported simulations revealed that silanol groups strongly interact with 
the PDMS backbone [30], and larger amounts of polymer is absorbed on 
hydrophilic silica than on treated hydrophobic silica [31]. However, at 
380 m2/g, a maximum hardness is reached implying a certain limit of 
polymer absorption on the silica surface. In the absence of the processing 
aid, the hydrogen bonding is stronger resulting in a rise of the hardness 
by 10 Shore A for the surface area of 150 m2/g and by 5 Shore A for 380 
m2/g. The maximum hardness is observed in the range between 255 
m2/g and 300 m2/g. 

Modification of the silica surface hydrophobicity by protecting the 
silanol groups leads to predominantly weaker van-der-Waals in
teractions as reported in literature [32]. In this study, the purpose of the 
octamethylcyclotetrasiloxane (D4), dimethyldichlorosilane (DDS) and 
hexamethyldisilazane (HMDS) modification of the silica was to tune the 
surface character of the filler. In comparison to D4 and DDS, HMDS 
provides a higher hydrophobicity leading to lower filler-polymer in
teractions. As shown in Fig. 1c, the hardness remains on the level of 
45–50 Shore A and is independent of the hydrophobization agent for the 
whole investigated surface area between 90 m2/g to 260 m2/g. Two 
exceptions are evident from the graph. The hardness of the extra hy
drophobic AE R 812 S is lower than for the other studied hydrophobic 
silica. In this case, no remaining silanol groups are left on the surface and 
the weak van-der-Waals interactions dominate the hardness. The hard
ness of the hydrophobic structure modified AE R 8200 drops even 
stronger in comparison to the other hydrophobic silica. This indicates 
that the structure modification has a great impact when the silanol 
groups are covered and only van-der-Waals interactions take place. 
These results are in good agreement with literature confirming the in
fluence of loading, surface area and hydrophobization of silica fillers on 
the hardness of silicone composites and are important for the later dis
cussed correlations between fatigue behavior and hardness of the 
silicones. 

Energy loss was measured at every cycle until break for all Mullins 
tests with each cycle increasing in elongation by 50% and is plotted as a 
function of elongation with each increase representing the subsequent 
completed cycle. Fig. 2 describes the energy loss as a function of percent 
elongation for AE 200 at different loading levels with and without 
processing aid. For both cases, the energy loss increases with higher 
loading levels. This stress softening is related to breaking of the existing 
filler-filler and filler-polymer interactions. The higher the silica loading 
is and the larger the network of hydrogen bonds is, the higher the energy 
loss during the cyclic loading. The energy loss also increases for com
pounds without processing aid since more interactions are established. 
However, these compounds become brittle at higher silica loadings 

leading to break at lower elongations and reduced number of completed 
measurable cycles. Therefore, the summation of energy loss of cycles 1, 
2, and 3 (elongations at 50%, 100%, and 150%) are used as the energy 
loss value. The energy loss is also dependent on the elongation since 
higher energies are necessary to break all hydrogen bonds at greater 
elongations. 

Fig. 3a depicts the total energy loss as the sum of cycles 1–3 to 150% 
elongation for different loading levels of AE 200. As already noted 

Fig. 1. a) Shore A hardness is plotted as function of loading level for hydrophilic AE 200 with and without processing aid; b) Shore A hardness as function of specific 
surface area for hydrophilic fumed silica with and without processing aid at filler loading level 40 phr; c) Shore A hardness as function of specific surface area for 
hydrophobic fumed silica at filler loading level 40 phr (data points for AE R 812 S and structure modified AE 8200 are indicated). Dashed lines are guides for the 
eyes only. 

Fig. 2. Energy loss is plotted against elongation for different loading levels of 
AE 200 a) without and b) with processing aid. Dashed lines are guides for the 
eyes only. 

V. Allen et al.                                                                                                                                                                                                                                    



Composites Science and Technology 214 (2021) 108955

5

before, there is a direct correlation with the loading level and energy 
loss. The energy loss increases with higher loading level for compounds 
with and without processing aid. The energy loss without the aid is 
significantly higher by up to 1500 Nmm at AE 200 loading of 30 phr. 
This confirms that a higher energy is required for breaking more 
hydrogen bonding. Compounds with more than 40 phr silica were too 
brittle to perform the 3 cycles and showed break before 150% 
elongation. 

Permanent set at 150% elongation was measured in unison with 
energy loss during Mullins testing. The permanent set on the completion 
of cycle 3 is plotted as a function of loading level for compounds with AE 
200 in Fig. 3b. Similar to the trend of energy loss, the increase in filler 
loading level in compounds with processing aid leads to a larger per
manent set. A higher permanent set indicates stronger ruptures in the 
filler-filler and filler-polymer interactions during tensile strain, possibly 
including more pronounced polymer chain slippage along the filler and 
disentanglement of polymer chains. Interestingly, the compounds 
without processing aid reveal a permanent set on identical level indi
cating that similar breakage occurs during tensile strain. 

Fig. 4 depicts the total energy loss and permanent set at 150% 
elongation as a function of surface area for compounds filled with hy
drophilic fumed silica, with and without processing aid. As observed for 
the Shore A hardness (Fig. 1b), energy loss and permanent set for 
compounds without processing aid strongly increase for lower surface 
areas and tend to reach a constant value at high surface areas. This trend 
can be explained again by increased filler-filler and filler-polymer in
teractions due to a higher number of silanol groups creating hydrogen 
bonding that break during elongation and result in an increase of the 
permanent set. Especially the amount of bound rubber increases with 

higher filler loading and surface area [33]. Since silica of higher surface 
area has larger interfacial area to the polymer matrix together with 
increased number of silanol groups, more chains can be adsorbed on the 
filler surface leading to larger distortions during stress softening. But this 
trend is less pronounced at higher surface areas when access to the entire 
filler surface by the polymer is limited. Additionally, the particle dis
tance decreases with the increased number of fumed silica particles at 
higher filler loadings [34]. The compounds without processing aid 
reveal a ca 2.5-fold higher energy loss, which is not determinable for 
surface areas above 200 m2/g due to a too high brittleness of the silicone 
samples. A similar behavior has been reported for other silicone types 
which exhibited strong viscosity increase at high filler loading of AE 200 
and AE 300 [35]. Despite the significantly increased energy loss for 
these compounds, the permanent set is on similar level as for compounds 
with processing aid. This might indicate a faster recovery of the 
filler-polymer bond rupture in compounds without processing aid as 
more silanol groups are exposed for interactions. This is confirmed in 
Fig. 5 by the permanent set for compounds filled with hydrophobic silica 
which is on an identical level as for hydrophilic silica with processing 
aid. 

As obvious from Fig. 5, the total energy loss and permanent set at 
150% elongation of hydrophobic fumed silica deviate from the corre
lations observed for the hydrophilic filler. In comparison to compounds 
filled with hydrophilic fumed silica without processing aid, the energy 
loss of the hydrophobic dramatically drops to the level of 1250 Nmm – 
1500 Nmm and remains almost independent of the surface area between 
130 m2/g – 260 m2/g. These observations are in line with other studies 
reporting a decline of the stress softening for silicones filled with surface 
treated silica [36]. The strong decline of the energy loss is related to the 

Fig. 3. a) Total energy loss and b) permanent set both at 150% elongation 
plotted as function of loading level for compounds with AE 200 with and 
without processing aid. Dashed lines are guides for the eyes only. 

Fig. 4. a) Total energy loss and b) permanent set both at 150% elongation as 
function of surface area for hydrophilic fumed silica at 40 phr loading with and 
without processing aid. Dashed lines are guides for the eyes only. 
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methylated silanol groups inducing weak van der Waals forces. As 
mentioned earlier, despite the lower energy loss, the permanent set is 
almost identical for comparable surface areas of hydrophilic silica 
indicating that besides the rupture of hydrogen bonding, the particle 
morphology and agglomerate structure are also contributing factors. 
Interestingly, the stronger hydrophobized silica, AE R 812 S (indicated 
on the graph as “extra hydrophobic”), results in even more van der 
Waals forces and subsequently in the further decline of the energy loss 
and lower permanent set in comparison with the other hydrophobic 
silica of similar surface area. The largest reduction in energy loss and 
permanent set is observed for the structure modified and HMDS surface 
modified AE R 8200 (indicated in the graph as “structure modified”). 
While the energy loss increases with higher filling level of AE R 8200, 
the permanent set of the compound is independent of loading level and 
remains constant at low values (Fig. S3). This behavior of AE R 8200 is 
attributed to the combination of HMDS modification and structure 
modification reducing chain rupture from the silica surface thus 
lowering the structural damage. 

To understand the influence of surface area, hydrophobicity and 
structure modification on silica dispersion in the silicone compound, 
TEM images were taken for hydrophilic silica AE 90, AE 200 and AE 300 
in comparison to AE R 8200 and are shown in Fig. 6a. The light regions 
represent the silicone matrix and the dark regions are the silica filler. 
Silica with a smaller surface area such as 90 m2/g show larger dark 
regions indicating larger aggregate and agglomerate sizes, while 
increasing the surface area improves the aggregate dispersion in the 
compound as evident from smaller dark regions in the case of 300 m2/g. 
These images confirm a fine dispersion and closer aggregate distance of 
silica with high surface area in the silicone compound [35]. Interest
ingly, the TEM of the HCR compound with AE R 8200 discloses the most 
uniform distribution indicating the highest dispersion. The TEM results 
were further analyzed concerning the index of dispersion. As evident 
from Fig. 6b, the index of dispersion (Id) only slightly improves for silica 
with higher specific surface area from 19.9 for AE 90 to 14.3 for AE 300. 
The lowest Id of only 9.6 is found for the HCR compound with AE R 
8200. Dispite its initial significantly larger particle size in comparison to 
AE 200 after 5 min of ultrasonification (see Table S1 for particle sizes 
that are 0.159 μm for AE 200 and 12.62 μm for AE R 8200), at suffi
ciently high shear forces during HCR compounding AE R 8200 is well 
dispersed presumably into much small particles due to its structure 
modification and hydrophobic surface. 

After reviewing the results, a trend between energy loss and hardness 
is found. When the hardness of the silica filled compound increases, so 

Fig. 5. a) Total energy loss and b) permanent set, both at 150% elongation and 
40 phr, are plotted as function of surface area for hydrophobic fumed silica 
using DDS (blue), D4 (red), and HMDS (green), respectively. The data include 
silica with extra hydrophobicity (AE R 812 S) and structure modification (AE R 
8200). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 6. a) TEM images for cryo-cut HCR compounds at loading of 40 phr filled with AE 90, AE 200, AE 300 and AE R 8200 and b) corresponding dispersion maps 
including the index of dispersion (Id). 
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does the energy loss. Therefore, energy loss is plotted double logarith
mically as a function of Shore A hardness for all investigated HCR 
compounds in Fig. 7a, distinguishing hydrophobic and hydrophilic 
fumed silica with and without processing aid. Surprisingly, independent 
of the silica type and additive, a close correlation between energy loss 
and hardness is found. A high reinforcement is related, at least partially, 
to the strong filler-polymer interactions which are in turn expressed by 
the high energy loss during initial stressing of the compound. This allows 
for an easy prediction of the Mullins stress softening based on the ma
terial hardness and means a low energy loss requires a trade off in ma
terial hardness. The permanent set data points are more scattered versus 
the hardness and do not follow a close trend as shown in Fig. 7b. It is 

evident that the lowest set values are obtained for compounds filled with 
the hydrophobic and structure modified AE R 8200 (indicated in dashed 
circle in the graph). Even at higher filling level the permanent set re
mains at a negligible level, with good reinforcement at the same time. As 
presented in Fig. 7c, the tensile strength of compounds filled with AE R 
8200 increases gradually with higher loading level preserving a low 
permanent set. This would allow to apply high loadings for improved 
reinforcement without losing the low permanent set that is important for 
fatigue resistance. In contrast, compounds with AE 200 and processing 
aid, that are commonly applied for the reinforcement of HCR, reveal a 
tensile strength on identical level, but a significantly higher permanent 
set. While the tensile strength remains almost unchanged for different 
filling levels, the permanent set strongly rises. 

The hydrophobic surface of AE R 8200 decreases non-covalent filler- 
polymer interactions, while the reduced aggregate structure prevents 
disruption through chain disentanglements at the silica surface. It was 
previously shown that especially this silica grade, AE R 8200, results in a 
particularly low fraction of bound rubber due to a reduced number of 
adsorbed chains on the hydrophobic surface and decreased amount of 
trapped chains within the structure modified aggregates (Fig. 8c and d) 
[33]. Another aspect important for the stress softening is related to the 
aggregate and agglomerate silica structure. It was reported that highly 
structured fillers tend to break apart under stress, while less structured 
ones show lower energy loss [37]. Recent models indicate that stress 
softening and high hysteresis of reinforced rubber is rather attributed to 
an irreversible breakdown of larger filler clusters during the first 
deformation cycle [38]. During deformation, the size of the clusters 
decreases with larger strain. It is assumed that the gaps between broken 
clusters are filled up with the polymer due to strong interactions to the 
filler surface hindering a reagglomeration after stress relaxation. These 
predictions are recently verified by experimental in-situ small-angle 
neutron and X-ray scattering [39,40]. It was reported that the aggregate 
size distribution of the filler network is stable during deformation, while 
an agglomerate breakdown occurs leading to the stress softening of the 
compound. It is known that the degree of branching and complexity of 
the space filling three-dimensional aggregate structure increases with 
higher surface area of the silica filler [8]. Consequently, the agglomer
ates become larger and more complex due to the entanglement of the 
highly branched aggregates, but at the same time, these structures are 
more fragile and prone to breakdown during strain as found in our study 
(Fig. 8a). The TEM analysis in Fig. 6 shows only a slight change in 
dispersion of the hydrophilic silica with higher specific surface area and 
therefore it can be assumed that agglomerates still exist in the compound 
contributing to energy loss and permanent set. Interestingly, the per
manent set is almost independent of the surface treatment indicating a 
more important role of the agglomeration than filler-polymer in
teractions for irreversible structural changes. The structure modified AE 
R 8200 reveals the highest dispersion and forms probably aggregates 
and agglomerates of low complexity and small size leading to improved 
mechanical stability during deformation of the silicone compound 
(Fig. 8b). As also shown in literature, the hydrophobic surface treated by 
HMDS is beneficial for a uniform dispersion of silica fillers in compounds 
[41]. The consequence of high dispersion into small and stable ag
glomerates AE R 8200 leads to the lowest energy loss and permanent set 
even at high loading ratio. 

4. Conclusions 

Correlations based on synthetic fumed silicas specific surface area, 
aggregate morphology, surface modifications, processing aid and 
loading level were highlighted and discussed for HCR using hardness 
and Mullins testing. All mentioned factors have direct impact on hard
ness, energy loss and permanent set. It is found that with stronger filler- 
polymer interactions of hydrophilic silica without processing aid at high 
loading levels, the energy loss is significantly increased. The energy loss 
is lowered by either adding a processing aid or by hydrophobization of 

Fig. 7. a) Total energy loss and b) permanent set at 150% elongation plotted 
double logarithmically against hardness for all HCR compounds. AE R 8200 
filled compounds are indicated by dashed circle. c) Comparison of permanent 
set and tensile strength of AE R 8200 and AE 200 (with processing aid) at 
different filling levels. Dashed lines are guides for the eyes only. 
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the surface reducing the filler-polymer interactions and the corre
sponding ruptures during initial cyclic loading. Interestingly, the per
manent set as a measure for structural breakage is almost independent of 
the surface modification of the filler indicating an important role of the 
aggregate and agglomerate morphology. Structured silica forms 
branched aggregates that assemble into complex agglomerates. During 
initial deformation of the silicone compound, the fragile agglomerates 
breakdown into smaller entities resulting in irreversible permanent set. 
To overcome these crucial disruptions and to minimize the permanent 
set, while ensuring good reinforcement, low structured and hydrophobic 
AEROSIL® R 8200 was applied. Former studies reported that this filler 
grade shows reduced chain adsorption at the silica surface and a lower 
chain entanglement at the decreased particle morphology, what is also 
related to an improved dispersion state as proven by our TEM analysis 
[42]. Furthermore, the low aggregate morphology of AEROSIL® R 8200 
prevents the agglomerate breakage in contrast to the structured silica. 
These observations confirm that the combination of the hydrophobic 
surface treatment and structure modification of the silica diminishes 
structural ruptures and Mullins stress softening in filled elastomer 
composites. These guidelines for a rational design of filler particles is a 
general strategy for the improvement of the fatigue resistance of rein
forced elastomer composites. 
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