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ABSTRACT 

Filled silicone elastomers, an essential component in many technological applications, are often subjected 
to controlled or unintended radiation for a variety of reasons. Radiation-exposure can lead to permanent 
mechanical and structural changes in the material, which is manifested as altered mechanical response, 
and in some cases, permanent set. For unfilled elastomers network theories developed and refined over 
decades can explain these effects in terms of chain scission and cross-link formation and a hypothesis 
involving independent networks formed at different strain levels of the material. Here we expose a filled 
silicone rubber to gamma radiation while being under finite elongational strain and show that the 
observed mechanical and structural changes can be quantitatively modeled within the same theoretical 
framework developed for unfilled elastomers as long as nuances associated with the Mullin’s effect are 
accounted for in a consistent manner. In this work we employ Ogden’s incompressible hyperelastic model 
within the framework of Tobolsky’s two-network scheme to describe observed permanent set and 
mechanical modulus changes as a function of radiation dosage. In the process we conclude that gamma-
radiation induces both direct cross-linking at chain crossings (H-links) and main-chain-scission followed 
by cross-linking (Y-links). We provide an estimate of the ratio of chain-scission to cross-linking rates, 
which is in reasonable agreement with previous experimental estimate from Charlesby-Pinner analysis. 
We use DFT-based quantum mechanical calculations to explore the stability -Si· and -SiO· radicals that 
form upon a radiation-induced chain scission event, which sheds light on the relative rates of Y-linking 
and H-linking processes. 
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INTRODUCTION 

Filled and cross-linked elastomers and foams are materials of tremendous technological importance1-3 

with applications spanning support cushions and pads, coatings, adhesives, interconnects, 
acoustic/seismic-isolation, thermal/electrical insulation, and bio-implants.4-10 Among the diverse choice of 
polymers silicones constitute a special class, possessing extreme thermal and electrical stability, and a 
high degree of biocompatibility, which makes them ideal for applications such as artificial 
organs/implants and biomedical devices.11-14  

Given that in most applications, silicone materials are expected to possess long lifetimes (years to 
decades), it is important to develop age-aware models that account for the interaction of the rubber or 
foam component with various environmental stresses like temperature, humidity, oxidative degradation, 
and radiation. The latter, which could be in the form of high-energy X-ray, gamma ray, or an electron-
beam often arises in intended exposure, e.g., to perform sterilization of a bio-implant component prior to 
placement within the subject’s body. Radiation, especially penetrating gamma rays, is known to induce 
permanent chemical changes in rubber, filled or unfilled, which can lead to the scission of main polymer 
chains and the formation of new cross-links.15 

It is particularly interesting to explore the effect of cross-linking and main-chain-scission on the structural 
and mechanical response properties of elastomeric networks. Such study not only guides the construction 
of a radiation-age-aware model, but also puts to test several important network theories and concepts 
developed over decades and provides useful insights into the chemical effects of radiation at the 
molecular level.  

Most of the fundamental theories have been developed for unfilled rubber networks. The earliest 
important result states that the mechanical response of rubber is primarily entropic in nature, with the 
increase in free energy arising out of loss in configurational entropy16-18 when a networked rubber 
specimen is deformed from its equilibrium state. A landmark result out of this analysis is the fact that if 
the cross-links (i.e., polymer segments between two junctions) are assumed to be Gaussian chains, and 
each junction is assumed to move affinely under deformation, then the shear modulus 𝜇𝜇 of the rubber is 
proportional to its number-density 𝜈𝜈 of cross-links (per unit volume) in the form 𝜇𝜇 = 𝜈𝜈𝑘𝑘𝐵𝐵𝑇𝑇, where 𝑘𝑘𝐵𝐵 is 
the Boltzmann constant and 𝑇𝑇 the absolute temperature.  

There have been many refinements of the above picture, including (but not limited to) accounting for the 
effects of junction fluctuations,17, 18 contribution of physical entanglements,19, 20 non-Gaussian behavior at 
larger deformation,21-26 and the effect of fillers27, 28 that are used for enhancing mechanical modulus. For 
lightly cross-linked (or un-cross-linked but entangled) materials, there is a complex time-dependent 
response known as viscoelasticity. Theories for this are still undergoing refinement,26, 29-32 although some 
basic concepts involving reptation tubes dynamics were established in the 1970s33 and more fully 
developed in the 1980s.34  

Given that incorporating all the above theories to account for the observed structural and mechanical 
response of radiation-aged, filled rubber is a tall order, a few simplifying approximations are needed to 
generate a practical, working model. The first (well-justified) approximation for our system is that the 
rubber is cross-linked enough that viscoelasticity can be neglected, and the resulting (energy-conserving) 



  LLNL-JRNL-822068 

3 
 

response is hyperelastic. This means that any stress-strain response is governed by a strain energy 
functional.35-37  

Ideally, we would like to employ a hyperelastic model that quantitatively describes the observed stress-
strain behavior of unaged and radiation-aged rubber. However, as we will see below, the picture gets 
complicated for filled rubber because of the significant presence of the Mullins effect.38, 39 To consistently 
extract a history-independent hyperelastic stress-strain response for all samples, we focus on the last 
loading cycle only up to strain levels beyond which the curve bends upwards due to prior maximum-strain 
history. Once we focus on this part of the curve, we show that the response (for both aged and unaged 
rubber) can be described well by the commonly employed hyperelastic model due to Ogden. In fact, for 
our material of interest we show that the stress-strain response can be modeled by just a single parameter, 
which can be directly interpreted as the shear modulus of the material.  

We note that the present work is intended as a more careful theoretical treatment compared to our 
previous attempts to analyze similar data.40, 41 The previous work, although a useful first step, employed 
the simple neo-Hookean model,16 which is justified only to describe very small-strain behavior. The 
present work accounts for the Mullins effect in a consistent manner, employs a more accurate response 
model (i.e., Ogden), carefully considers structural-relaxation effects due to main-chain-scission (Fricker’s 
transfer function), provides a range of estimates of the ratio of Y-link versus H-link formation rates, and 
delves deeper into the radiation-induced chemistry, both at the network-topology level and at the 
molecular level. 

EXPERIMENTAL PROCEDURE 

Rectangular samples of commercial rubber TR-55 manufactured by Dow Corning were used for the 
radiation aging experiments. The material is primarily polydimethylsiloxane (PDMS) and incorporates 
roughly 30 wt% of silica filler. Thin samples (~1 mm thick) were stretched and held at a fixed elongation 
strain while exposed to γ radiation from a Co-60 source (1.2 MeV, ~0.1 Mrad/h dose rate), which 
provided a controllable degradation pathway. To avoid oxidative degradation, the samples were irradiated 
under vacuum until the desired cumulative dosage (𝐷𝐷) was reached. In the following, we express 
elongational strain in terms of the stretch ratio 𝜆𝜆 = 1 + 𝜀𝜀, where 𝜀𝜀 is the engineering strain, and we use 𝜆𝜆𝑎𝑎 
to denote the stretch ratio corresponding to the constant ‘aging strain’ the system is under when exposed 
to radiation.  

Following exposure to controlled duration (and therefore controlled cumulative dosages) of radiation, 
each sample was removed from the irradiation chamber, released from the 𝜆𝜆𝑎𝑎 strain, and allowed to relax 
under ambient conditions for 24 h. The relaxed samples were then subjected to measurement of the new 
equilibrium length, called the recovered length 𝜆𝜆𝑠𝑠. Two sets of experiments were performed: (i) in which 
samples under 𝜆𝜆𝑎𝑎 = 1.20, 1.47, 1.67, and 1.84 were subjected to cumulative dosages of 1, 3, 7, and 17 
Mrad of radiation; and (ii) in which samples under 𝜆𝜆𝑎𝑎 = 1.67, 2.00, 2.33, and 2.67 were subjected to 
cumulative dosages of 5, 10, and 17 Mrad of radiation. After several weeks of further equilibration, 
tensile stress-strain analysis was carried out on a few of the specimens, including specimens that were not 
stretched (i.e., 𝜆𝜆𝑎𝑎 = 1.00) when exposed to radiation. The stress-strain analysis was performed on 
rectangular specimens (~3 mm wide by ~40 mm long) cut from the irradiated samples, as well as a 
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pristine unaged specimen, using an Instron 5565 dual-column electromechanical test system with an 
initial grip separation of ∼20 mm and a stretching rate of 20 mm/min. 

MULLINS EFFECT  

One of the challenges in modeling stress-strain response in a filled rubber with a hyperelastic strain 
function is the omni-presence of the so-called Mullins effect, as illustrated in Fig. 1(a). A few common 
characteristics of the Mullins effect include:38, 39, 42, 43 (1) significant softening upon the first unloading 
cycle; (2) increase in softening with increase in the maximum strain in the first cycle; (3) subsequent 
unloading showing much less softening as long as the previous maximum strain is not exceeded; and (4) a 
small but noticeable permanent set at the end of the first unloading curve, which remains stable through 
subsequent cycles. The permanent set typically increases upon unloading from an increased maximum 
strain, although in some cases it can recover after a long resting time.44 There is an extensive literature 
that attempts to tie the Mullins effect to various causes, primarily involving quasi-irreversible structural 
changes in filler configuration, chain-slippage, and network damage.42 In this work we do not delve into 
such details, but rather attempt to focus on the last loading cycle (see Fig. 1(b)), which represents a quasi-
steady-state stress-strain response largely free of energy loss due to hysteresis or viscoelasticity.  

 

 

 

 

 

 

 
 
 
 
Fig. 1. (a) Engineering stress vs. strain for unaged TR-55 silicone rubber displaying strong Mullins effect; (b) 
modeling the last loading curve from the left figure along with the best fit using the N = 1 Ogden incompressible 
hyperelastic model. Only the part of the curve independent of strain history (i.e., prior to upward swing) is modeled. 

All radiation exposure experiments in this work were performed after the material underwent four or five 
loading-unloading cycles; the aim was to minimize any coupling of Mullins cycles with radiation effects.  
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OGDEN HYPERELASTIC AND TOBOLSKY 2-NETWORK MODEL 

As mentioned in the foregoing, we focus on the hyperelastic response of the material, i.e., any hysteretic 
loss due to viscoelasticity is neglected in our analysis. With this caveat, we chose a commonly employed 
hyperelastic strain energy model due to Ogden, given by:45, 46    

𝑊𝑊(𝜆𝜆1,𝜆𝜆2,𝜆𝜆3) = ∑ 2𝜇𝜇𝑗𝑗
𝛼𝛼𝑗𝑗
2 [𝜆𝜆1

𝛼𝛼𝑗𝑗 + 𝜆𝜆2
𝛼𝛼𝑗𝑗 + 𝜆𝜆3

𝛼𝛼𝑗𝑗 − 3]𝑁𝑁
𝑗𝑗=1 − 𝑝𝑝(𝜆𝜆1𝜆𝜆2𝜆𝜆3 − 1) , (1) 

where 𝜆𝜆1,𝜆𝜆2, 𝜆𝜆3 are the eigenvalues of the deformation tensor 𝐹𝐹, and 𝑝𝑝 is a Lagrange multiplier that 
imposes the constraint that the material is incompressible, i.e., det𝐹𝐹 = 𝜆𝜆1𝜆𝜆2𝜆𝜆3 = 1. The parameters 
�𝜇𝜇𝑗𝑗� are related to the shear modulus 𝜇𝜇 by the relation 𝜇𝜇 = ∑ 𝜇𝜇𝑗𝑗𝑁𝑁

𝑗𝑗=1 , and the parameters �𝛼𝛼𝑗𝑗� are 
exponents that can be positive or negative. 

If we focus on the stress-strain curve of the last loading cycle we find that in all cases it is described well 
by just a single term, i.e., 𝑁𝑁 = 1 Ogden model: 

𝑊𝑊1𝑛𝑛𝑛𝑛𝑛𝑛(𝜆𝜆1,𝜆𝜆2,𝜆𝜆3| 𝜇𝜇,𝛼𝛼) = 2𝜇𝜇
𝛼𝛼2

[𝜆𝜆1𝛼𝛼 + 𝜆𝜆2𝛼𝛼 + 𝜆𝜆3𝛼𝛼 − 3] − 𝑝𝑝(𝜆𝜆1𝜆𝜆2𝜆𝜆3 − 1) ,            (2) 

where 𝜇𝜇 is the shear modulus, and 𝛼𝛼 a scalar exponent. The true (Cauchy) stress in the principal direction 
𝑖𝑖 is given by 𝜎𝜎𝑖𝑖 = 𝜆𝜆𝑖𝑖 𝜕𝜕𝑊𝑊1𝑛𝑛𝑛𝑛𝑛𝑛 𝜕𝜕𝜆𝜆𝑖𝑖⁄ . Under a uniaxial engineering stretch 𝜀𝜀𝑎𝑎 along direction 1, we have 
𝜆𝜆1 = 1 + 𝜀𝜀𝑎𝑎, 𝜆𝜆2 = 𝜆𝜆3 = 𝜆𝜆1

−1 2⁄  (assuming an isotropic and incompressible material). Using the boundary 
condition 𝜎𝜎2 = 𝜎𝜎3 = 0, we obtain the following expression for the Cauchy stress along direction 1: 

𝜎𝜎1𝑛𝑛𝑛𝑛𝑛𝑛 = 2𝜇𝜇
𝛼𝛼 (𝜆𝜆1𝛼𝛼 − 𝜆𝜆1

−𝛼𝛼 2⁄ ) ,  (3) 

where index subscript “1” in 𝜎𝜎 (to indicate the principal stretch direction) has been omitted for simplicity. 
When eq. (3) is fitted to the last loading cycle of Fig. 1, we find that for all our samples the best fit occurs 
for 𝛼𝛼 → 0, in which limit eq. (3) simplifies to: 

𝜎𝜎1𝑛𝑛𝑛𝑛𝑛𝑛 = 3𝜇𝜇 ln 𝜆𝜆1 .   (4) 

The corresponding engineering stress 𝑃𝑃 is obtained simply as 𝜎𝜎1𝑛𝑛𝑛𝑛𝑛𝑛 𝜆𝜆1⁄ , i.e., 

𝑃𝑃1𝑛𝑛𝑛𝑛𝑛𝑛 = 3𝜇𝜇𝜆𝜆1−1 ln 𝜆𝜆1 .   (5) 

In our experiments the material is subjected to a cumulative radiation dose while being under an 
elongation engineering strain 𝜀𝜀𝑎𝑎 (i.e., stretch ratio 𝜆𝜆𝑎𝑎 = 1 + 𝜀𝜀𝑎𝑎). Any radiation-induced cross-link 
formation under this condition happens in equilibrium with the strained state, while main-chain-scission 
can happen both to the original cross-links formed under zero strain and to the new cross-links formed in 
the strained state. To model such effects, we need a hyperelastic strain energy expression for a two-
network system, i.e., the original network (formed under zero strain) and the induced network (formed 
under stretch ratio 𝜆𝜆𝑎𝑎). For an unfilled network, Tobolsky argued that the net effect of these two networks 
is linear and additive.47 Assuming Tobolsky’s picture also holds for a filled system, we express the net 
effect of these two networks as the following strain energy expression: 
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𝑊𝑊2𝑛𝑛𝑛𝑛𝑛𝑛(𝜆𝜆1,𝜆𝜆2,𝜆𝜆3, 𝜆𝜆𝑎𝑎|𝜇𝜇1,𝛼𝛼1,𝜇𝜇2,𝛼𝛼2) =  

 2𝜇𝜇1
𝛼𝛼12
�𝜆𝜆1

𝛼𝛼1 + 𝜆𝜆2
𝛼𝛼1 + 𝜆𝜆3

𝛼𝛼1 − 3� + 2𝜇𝜇2
𝛼𝛼22
�(𝜆𝜆1𝜆𝜆𝑎𝑎−1)𝛼𝛼2 + �𝜆𝜆2𝜆𝜆𝑎𝑎

1 2⁄ �
𝛼𝛼2

+ �𝜆𝜆3𝜆𝜆𝑎𝑎
1 2⁄ �

𝛼𝛼2
− 3� − 𝑝𝑝(𝜆𝜆1𝜆𝜆2𝜆𝜆3 − 1),      (6) 

By using the same argument that led to eq. (3) and (4), it is straightforward to obtain the following 
expression for Cauchy and Engineering stress (in direction 1) for the two-network system (in the limit 
𝛼𝛼1,𝛼𝛼2 → 0): 

𝜎𝜎2𝑛𝑛𝑛𝑛𝑛𝑛 = 3𝜇𝜇1 ln 𝜆𝜆1 + 3𝜇𝜇2 ln(𝜆𝜆1 𝜆𝜆𝑎𝑎⁄ ) ;   𝑃𝑃2𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜎𝜎2𝑛𝑛𝑛𝑛𝑛𝑛 𝜆𝜆1⁄ . (7) 

A primary effect analyzed in this work is an irreversible change in length, as defined by the residual strain 
𝜀𝜀𝑠𝑠, or equivalently the permanent stretch ratio 𝜆𝜆𝑠𝑠 = 1 + 𝜀𝜀𝑠𝑠. The quantity 𝜆𝜆𝑠𝑠 is simply the value of 𝜆𝜆1 at 
which 𝜎𝜎2𝑛𝑛𝑛𝑛𝑛𝑛 = 0, which from eq. (7) is obtained as: 

𝜆𝜆𝑠𝑠 = 1 + 𝜀𝜀𝑠𝑠 = 𝜆𝜆𝑎𝑎
1−𝑝𝑝 ,     (8) 

with 𝑝𝑝 = 𝜇𝜇1 (𝜇𝜇1 + 𝜇𝜇2)⁄  .  (9) 

Since the shear moduli 𝜇𝜇1, 𝜇𝜇2 are functions of the dosage 𝐷𝐷 (as made clearer in the sections below), the 
residual strain 𝜀𝜀𝑠𝑠 is a function of both the aging strain and the cumulative radiation dosage. Occasionally 
for brevity we will make loose reference to 𝜆𝜆𝑠𝑠 and 𝜀𝜀𝑠𝑠 as “permanent set”. 

RADIATION AGING UNDER ZERO STRAIN  

 

 

 

 

 

 

 
Fig. 2. (a) Modeling stress-strain response (last loading cycle) of TR-55 rubber aged under various radiation dosages 
at zero strain; (b) corresponding shear modulus as a function of radiation dosage, showing an approximately linear 
behavior. The vertical error bars in figure (b) indicate standard error due to sample-to-sample variation.  

Figure 2(a) displays the results for stress-strain response upon radiation exposure under zero strain for 
four different cumulative dosages. Each curve represents the stress response averaged over two samples. 
Fig. 2(b) plots the corresponding mean shear modulus 𝜇𝜇 by fitting eq. (5) to the stress-strain response. To 
eliminate dependence on strain-history (in this case, memory of the previously attained maximum strain), 
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only the part of the response curve prior to upward swing was modeled. From Fig. 2(b) we see that the 
shear modulus increases linearly as a function of dosage 𝐷𝐷, i.e., 

𝜇𝜇(𝐷𝐷) = 𝜇𝜇0 + 𝑘𝑘𝑘𝑘.  (10) 

From the data in Fig. 2(b) we obtained a mean value of 0.57 MPa for the intercept 𝜇𝜇0, and a mean value 
of 0.074 MPa/Mrad for the slope 𝑘𝑘. From uncertainty analysis the 90% confidence interval for the 
marginal distribution of the intercept 𝜇𝜇0 was (0.49, 0.65) while that for the slope 𝑘𝑘 was (0.069, 0.079), 
with a negative correlation (-0.70) between the two quantities.  

We note that all the analysis in this work is based on experiments performed with our specific Co-60 
radiation source that has a fixed dosage rate (see the EXPERIMENTAL PROCEDURE section). As long 
the γ photon absorption events are spatially and temporally separated, one expects the overall model and 
the conclusions to be largely independent of the dosage rate and depend only on the cumulative dosage 𝐷𝐷. 
However, since such absorption events involve a complex cascade of chemical processes involving multi-
electronic excitations, a more extensive experimental study with several different radiation sources is 
necessary to probe possible dose-rate dependence of our model parameters.  

RADIATION AGING UNDER FINITE STRAIN: PERMANENT SET 

 

 

 

 

 

 

 

 

 

 
 
 
 
Fig. 3. Residual strain (variable 𝜀𝜀𝑠𝑠 in text, expressed here in percent), a measure of permanent set, in radiation-aged 
TR-55 samples while being under different aging strain levels (𝜀𝜀𝑎𝑎, indicated in legend in percent). Points indicate 
sample-averaged measured values. The average experimental standard error is 2.2% (not shown for clarity). Solid 
curves are best model fit under the consideration of both H-linking and Y-linking processes.  
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Fig. 3 (symbols) displays results for the observed residual strain 𝜀𝜀𝑠𝑠 for various values of dosage 𝐷𝐷 and 
aging strain 𝜀𝜀𝑎𝑎 (Note: aging stretch-ratio 𝜆𝜆𝑎𝑎 = 1 + 𝜀𝜀𝑎𝑎). To model such data with eqs. (8, 9), one needs to 
first determine the evolution of the shear stresses of the original and the induced networks, i.e., 𝜇𝜇1,𝜇𝜇2, as 
a function of radiation dosage 𝐷𝐷. To make progress on this front, we borrow polymer network concepts 
developed for unfilled rubber networks and make the following implicit assumptions about our filled 
system: 

(1) Despite all the structural complexities in a filled elastomer, there is a linear relationship between the 
shear modulus (𝜇𝜇) and the chemical cross-link density (𝜈𝜈) in the bulk elastomer for the pristine cross-
linked polymer (i.e., prior to radiation exposure), i.e., 𝜇𝜇 = 𝐶𝐶𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇, where 𝐶𝐶 is a material-dependent 
dimensionless constant that accounts for effects like filler enhancement, departure from affine behavior, 
entanglements, and so on.  

(2) Cross-linking effects due to radiation is in general different at the filler-surface than in the bulk 
polymer, and one expects a different proportionality constant for the radiation-induced change in 
modulus, i.e., ∆𝜇𝜇 = 𝐶𝐶′𝑘𝑘𝐵𝐵𝑇𝑇∆𝜈𝜈, where ∆𝜇𝜇 is the radiation-induced change in shear modulus of the material 
and ∆𝜈𝜈 the radiation-induced change in cross-link density in the bulk elastomer. The ratio 𝛽𝛽 = 𝐶𝐶 𝐶𝐶′⁄  is 
important in expressing radiation-induced bulk cross-link density in terms of pristine cross-link density. It 
is used in eq. (13) below, where we develop the two-network constitutive model. In particular, the case 
𝐶𝐶′ > 𝐶𝐶 (i.e., 𝛽𝛽 < 1) can be interpreted as increase in filler-enhancement factor induced by radiation 
(relative to the filler-enhancement factor in pristine cross-linked rubber), which could be attributed to 
much stronger radical activation in silica fillers48, 49) as compared to radiation-induced cross-linking 
within the bulk elastomer. 

(3) When the material is radiation-aged while under a state of strain, the resulting material behaves like an 
additive combination of two independent networks, following the model developed by Tobolsky47 for 
unfilled networks. In fact, we have already used this assumption to derive eqs. (8, 9). 

(4) If radiation induces main-chain-scission of the original cross-links, there is a feedback effect in which 
a fraction of the network 2 cross-links generated prior to that scission event is effectively transferred to 
the original network (i.e., network 1). Such analysis was first carried out by Flory50 for a Gaussian-chain 
network, and by Fricker51 for a phantom-network of gaussian chains. Assuming a phantom-network 
model, in the following analysis we use Fricker’s formula to model such behavior, although alternative 
approaches have recently been suggested in the literature.52 

RADIATION-INDUCED SCISSION AND CROSS-LINKING RATES 

High-energy electromagnetic or electron-beam radiation is well-known to produce permanent chemical 
changes in silicone polymers.15, 53-59 Two of the chemical changes particularly relevant to change in 
network topology and mechanical modulus are scission and cross-linking processes. Scission processes 
could involve either main-chain scission (i.e., breaking of Si-O bonds) or side-chain scission (i.e., 
breaking of Si-C or C-H bonds). Any scission process typically produces radicals, which, in the absence 
of radical scavengers could persist long enough until another active site with a radical is found and a new 
chemical bond is formed by radical-pair annihilation. Using this picture as a good approximation to 



  LLNL-JRNL-822068 

9 
 

reality (i.e., ignoring other more complex processes, some of which are briefly mentioned in section 
INSIGHTS FROM QM MODELING) let us introduce rates of two broad classes of processes: (i) direct 
cross-linking of active side chains belonging to two different load-bearing chains, with a rate of 𝑘𝑘𝑥𝑥𝑥𝑥 
processes per radiation dosage, and (ii) main-chain scission followed by the bonding of a fraction (say, 𝛿𝛿) 
of the resulting active -Si· and/or -SiO· radical with an active side-chain site of a different load-bearing 
chain, with a rate of 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 scission processes per radiation dosage. Process (i) produces a 4-fold-
coordinated junction, which we refer to below as a H-link, while process (ii) yields a 3-fold-coordinated 
junction, which we refer to below as a Y-link. 

Mechanical changes due to only H-link formation is simpler to analyze, and we do that first in the 
following section.  

CONSIDERING ONLY H-LINK PROCESSES 

In this section we analyze how the formation of H-links only (i.e., no main-chain scission) affect the 
mechanical properties of the system and the permanent set. In the analysis below we make use of our 
heuristic understanding that shear moduli of the two networks (𝜇𝜇1, 𝜇𝜇2) are proportional to the 
corresponding cross-link densities, even for the filled rubber material.  

Let us consider the material radiation-exposed under an aging strain 𝜀𝜀𝑎𝑎 (i.e., stretch ratio 𝜆𝜆𝑎𝑎 = 1 + 𝜀𝜀𝑎𝑎). 
Prior to radiation exposure, i.e., at 𝐷𝐷 = 0, we have 𝜇𝜇1 = 𝜇𝜇0, 𝜇𝜇2 = 0 (where 𝜇𝜇0 is the intercept in eq. 
(10)). 

Let us now consider a H-linking process. In this process two cross-links become four cross-links. The 
question is the strained state status of the four new links. To address this point, we use the important 
result from bead-spring simulations,60, 61 which showed that such cross-linking processes under a state of 
strain do not alter the cross-link density of the original network. This simply translates to the result that if 
the two chains involved in the H-linking process belong to the original network (i.e., network 1), then 
after cross-linking two of the resulting four chains effectively remain in the strained state of the original 
network, while the other two chains belong to the induced network (i.e., network 2). The above argument 
can be easily extended to the case where either one or both the chain segments involved in H-linking 
belong to network 2. In all such cases we see that H-linking leads to a net increase of two chains in 
network 2, without any change in the number of chains (and hence chain density) of network 1. Thus, we 
can express radiation-induced changes in shear moduli 𝜇𝜇1,𝜇𝜇2 by the following equations: 

𝑑𝑑𝜇𝜇1 𝑑𝑑𝑑𝑑⁄ = 0; 𝑑𝑑𝜇𝜇2 𝑑𝑑𝑑𝑑⁄ = 2𝑘𝑘𝑥𝑥𝑥𝑥,  (11) 

which can be easily solved as: 

𝜇𝜇1(𝐷𝐷) = 𝜇𝜇0 ; 𝜇𝜇2(𝐷𝐷) = 2𝑘𝑘𝑥𝑥𝑥𝑥𝐷𝐷 .  (12) 

If this model is correct, then to have consistency with Fig. 2 we need to have 2𝑘𝑘𝑥𝑥𝑥𝑥 = 𝑘𝑘, where 𝑘𝑘 is the 
slope in eq. (10). From the 90% CI values (0.069, 0.079) for 𝑘𝑘, this implies that 𝑘𝑘𝑥𝑥𝑥𝑥 should be ~ 0.037 
MPa/Mrad with an error margin of 0.0025. 
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However, we find that the value of 𝑘𝑘𝑥𝑥𝑥𝑥 that fits the observed permanent set data (symbols in Fig. 3) is ~ 
0.052 MPa/Mrad, which is inconsistent with the confidence interval obtained from the mechanical 
modulus results of Fig. 2. Additionally, even if one uses the higher value of 𝑘𝑘𝑥𝑥𝑥𝑥, the fit is not as accurate 
as the solid curves in Fig. 3, which is obtained from a model that incorporates both Y-linking and H-
linking processes, as described in the section below.  

CONSIDERING BOTH H-LINKING AND Y-LINKING PROCESSES 

In the presence of both main-chain-scission (followed by Y-link formation) and H-link processes eq. (11) 
needs to be modified. Let 𝑘𝑘𝑥𝑥𝑥𝑥 ,𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 be H-linking and main-chain scission rates. Let 𝑟𝑟 be the fraction of 
cross-links belonging to network 1, and 𝜑𝜑(𝑟𝑟) be the fraction of monomers belonging to network 1. From 
our model assumptions, we can relate 𝑟𝑟 to the shear moduli 𝜇𝜇1, 𝜇𝜇2 by the following equation: 

𝑟𝑟 = {𝜇𝜇0 + 𝛽𝛽(𝜇𝜇1 − 𝜇𝜇0)} {𝜇𝜇0 + 𝛽𝛽(𝜇𝜇1 + 𝜇𝜇2 − 𝜇𝜇0)}⁄ .      (13) 

The above equation follows from our model that the pristine (i.e., pre-radiation) cross-link density is 
proportional to 𝜇𝜇0/𝐶𝐶, the radiation-induced change in network 1 cross-link density is proportional to 
(𝜇𝜇1 − 𝜇𝜇0)/𝐶𝐶′, etc., and noting that 𝛽𝛽 = 𝐶𝐶/𝐶𝐶′, by definition. Let us also assume that following main-
chain-scission only a fraction 𝛿𝛿 of the broken links form active (i.e., load-bearing) cross-links through the 
Y-linking process. Then, without the consideration of any feedback effect due to main-chain-scission of 
network 1 cross-links, eq. (11) gets modified to the following: 

𝑑𝑑𝜇𝜇1 𝑑𝑑𝑑𝑑⁄ = −𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑(𝑟𝑟)   ;    𝑑𝑑𝜇𝜇2 𝑑𝑑𝑑𝑑⁄ = 4𝛿𝛿𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠�1 − 𝜑𝜑(𝑟𝑟)� + 2𝑘𝑘𝑥𝑥𝑥𝑥 = 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑(𝑟𝑟) + 𝑘𝑘  , (14) 

with, 

𝑘𝑘 = (4𝛿𝛿 − 1)𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 + 2𝑘𝑘𝑥𝑥𝑥𝑥 .  (15) 

Eq. (14) is derived based on the assumption that each monomer in the system has the same probability of 
being the site of main-chain scission. 

However, as mentioned earlier, there is an additional effect that needs to be accounted for. This involves 
the fact that when cross-linking is followed by scission of some of the network 1 linkages, then a fraction 
𝑓𝑓 of network 2 cross-links effectively become part of network 1.50, 51, 62 When this effective transfer of 
cross-links is taken in account, eq. (14) gets modified as: 

𝑑𝑑𝜇𝜇1 𝑑𝑑𝑑𝑑⁄ = −𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑(𝑟𝑟) + 𝑓𝑓𝜇𝜇2   ;    𝑑𝑑𝜇𝜇2 𝑑𝑑𝑑𝑑⁄ = 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑(𝑟𝑟)  + 𝑘𝑘 − 𝑓𝑓𝜇𝜇2 .    (16) 

For a Phantom-network of Gaussian chains Fricker showed51, 62 that 𝑓𝑓 is approximately given by the ratio 
of the number of network 1 cross-links that get scissioned and the sum of two quantities, i.e., (i) number 
of network 2 cross-links that exist prior to the scission events and (ii) number of network 1 cross-links of 
the pristine system (i.e., prior to radiation exposure). In the present case the number of network 1 cross-
links that undergo scission between cumulative dosages 𝐷𝐷 and 𝐷𝐷 + 𝑑𝑑𝑑𝑑 is proportional to 𝛽𝛽𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑(𝑟𝑟)𝑑𝑑𝑑𝑑, 
while the denominator is proportional to 𝜇𝜇0 + 𝛽𝛽𝛽𝛽2. Thus, according to the Fricker formula, in eq. (16) we 
identify the fraction 𝑓𝑓 as: 
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𝑓𝑓 ≈ 𝛽𝛽𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑(𝑟𝑟) (𝜇𝜇0 + 𝛽𝛽𝛽𝛽2)⁄ .          (17) 

The initial conditions to eq. (16) are: 

𝜇𝜇1(𝐷𝐷 = 0) = 𝜇𝜇0   ;   𝜇𝜇2(𝐷𝐷 = 0) = 0,        (18) 

where 𝜇𝜇0 (in eq. (18)) and 𝑘𝑘 (in eq. (14, 15, 16)) are the intercept and slope, as previously defined in eq. 
(10) with mean values of 0.57 MPa and 0.074 MPa/Mrad, respectively. 

Determining the monomer fraction of network 𝜑𝜑(𝑟𝑟) in eq. (14, 16, 17) is difficult. To build a practical 
working model we use a simple approximation based on the following argument. At small times (i.e., 
small cumulative dosage 𝐷𝐷) we have 𝑟𝑟 ≈ 1 and 𝜑𝜑(𝑟𝑟) ≈ 1, i.e., almost all scissioned chains belong to 
network 1. However, since the average length of the induced chains (following scission/cross-linking 
processes) is smaller than that of the original cross-links, for any 𝐷𝐷 > 0 one expects 𝑟𝑟 < 1 and 𝜑𝜑(𝑟𝑟) > 𝑟𝑟. 
There is no simple way to derive a closed-form expression for 𝜑𝜑(𝑟𝑟) as it likely depends on the molecular 
weight distribution of the material at 𝐷𝐷 = 0. To avoid such complexities, we assume a tractable 
approximation 𝜑𝜑(𝑟𝑟) ≈ 𝑟𝑟𝛾𝛾, where 0 < 𝛾𝛾 < 1 (this is a simple formula that satisfies the desired relations 
𝜑𝜑(1) = 1, and 𝜑𝜑(𝑟𝑟) > 𝑟𝑟 for 0 < 𝑟𝑟 < 1, and 𝜑𝜑(𝑟𝑟) → 0 for 𝑟𝑟 → 0. Assuming that initially (i.e., at low 
dosages 𝐷𝐷 ≪ 1) the average lengths of network 2 cross-links are roughly half of that of the network 1 
cross-links, we expect 𝛾𝛾 to be around 0.5. 

If we use 𝜑𝜑(𝑟𝑟) = 𝑟𝑟𝛾𝛾 with 𝛾𝛾 = 0.5 in eq. (16), and numerically integrate to solve for 𝜇𝜇1, 𝜇𝜇2 as a function 
of 𝐷𝐷, and then use eqs. (8, 9) to compute the residual strain 𝜀𝜀𝑠𝑠, the best agreement with the experimental 
data in Fig. 3 happens for 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 ≈ 0.016 MPa/Mrad and 𝛽𝛽 ≈ 0.50. The corresponding computed results 
for 𝜀𝜀𝑠𝑠 as a function of the cumulative dosage 𝐷𝐷 (for various values aging strain levels) are indicated by 
the solid lines in Fig. 3 showing good agreement between the observed and model results.  

We point out that the above value of 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 corresponds to a scission-to-cross-linking ratio of 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 𝑘𝑘⁄ =
0.22. This ratio is in good semi-quantitative agreement with experimental estimates63 from Charlesby-
Pinner analysis64 upon radiation aging of the same filled rubber system (i.e., TR-55) as used in the present 
study. The optimized value of 𝛽𝛽 ≈ 0.50 indicates that radiation-induced filler-enhancement effect is a 
factor of 𝛽𝛽−1 ≈ 2 larger than the filler-enhancement effect in pristine TR-55. 

We have experimented with other values of 𝛾𝛾, e.g., between 0.5 and 0.7, and found the optimized values 
of 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠, 𝛽𝛽 and the quality of agreement in Fig. 3 (in terms of RMSE deviation) to be largely unchanged. 
This provides confidence in the robustness of the model and the optimized parameters. 

Additionally, the model results for permanent set are independent of the parameter 𝛿𝛿 (the fraction of 
scissioned chain ends that form load-bearing Y-links, as introduced just above eq. (14)) as long it is 
chosen within reasonable physical bounds (e.g., between 0.5 and 1.0), but depends on the choice of 𝑘𝑘 
(which we chose as 0.074 MPa/Mrad, following the fit to Fig. 2(b), see discussion following eq. (10)). On 
the other hand, from eq. (15), the parameter 𝑘𝑘𝑥𝑥𝑥𝑥 depends on the choice of 𝛿𝛿. Additionally, the ratio of the 
number of Y-linking to H-linking events (𝑟𝑟𝑌𝑌𝑌𝑌), which according to the present model is 𝑟𝑟𝑌𝑌𝑌𝑌 =
2𝛿𝛿𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 𝑘𝑘𝑥𝑥𝑥𝑥⁄ , also has a strong dependence on 𝛿𝛿 as well. As we argue in the INSIGHTS FROM QM 
MODELING section below, we expect 𝛿𝛿 to be between 0.5 and 1. For 𝛿𝛿 = 0.5, 0.75, and 1.0, the Y-
linking:H-linking ratio 𝑟𝑟𝑌𝑌𝑌𝑌 is 0.55, 1.1, and 2.5, respectively (using 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 = 0.016 and 𝑘𝑘 = 0.074 
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MPa/Mrad). Thus, without knowing the parameter 𝛿𝛿 we cannot reliably predict the Y-linking:H-linking 
ratio 𝑟𝑟𝑌𝑌𝑌𝑌. It is likely that 𝛿𝛿 varies significantly depending on the polymer system, filler distribution, cross-
linking history prior to irradiation, and many other factors. This could explain the lack of agreement in the 
literature on the relative importance of the Y-linking and H-linking rates.56, 58  

Finally, using the above model we can compute the stress-strain response of the radiation-aged system 
relative to the new equilibrium. To this end, we define longitudinal stretch ratio (in direction 1) in the 
aged system as 𝜆𝜆1′ = 𝜆𝜆1 𝜆𝜆𝑠𝑠⁄ , where 𝜆𝜆1 is the stretch ratio in the unaged system and 𝜆𝜆𝑠𝑠 the permanent 
stretch ratio defined previously. Then eq. (7) can be re-written as: 

𝜎𝜎2𝑛𝑛𝑛𝑛𝑛𝑛′ = 3𝜇𝜇1 ln(𝜆𝜆1′ 𝜆𝜆𝑠𝑠) + 3𝜇𝜇2 ln(𝜆𝜆1′ 𝜆𝜆𝑠𝑠 𝜆𝜆𝑎𝑎⁄ ) = 3(𝜇𝜇1 + 𝜇𝜇2) ln 𝜆𝜆1′   , (19) 

where the last step was simplified by using the result that 𝜎𝜎2𝑛𝑛𝑛𝑛𝑛𝑛 as defined in eq. (7) is 0 at 𝜆𝜆1 = 𝜆𝜆𝑠𝑠. In 
other words, the aged material is predicted to exhibit exactly the same stress-strain behavior as the unaged 
material with a modulus of 𝜇𝜇1 + 𝜇𝜇2. Adding the two sub-equations of eq. (16) and integrating we obtain: 

𝜇𝜇1 + 𝜇𝜇2 = 𝜇𝜇0 + 𝑘𝑘𝑘𝑘 ,       (20) 

which is identical to eq. (10). In other words, the stress-strain behavior and shear modulus of the 
radiation-aged system is predicted to be independent of the aging strain 𝜆𝜆𝑎𝑎 (with strain in the aged sample 
being defined relative to its new equilibrium length that incorporates permanent set). Such predicted 
behavior largely agrees with our measured stress-strain curves of the aged samples, within the uncertainty 
of sample-to-sample variations. 

INSIGHTS FROM QM MODELING 

From the discussion in the previous section, it is clear that the ratio 𝑟𝑟𝑌𝑌𝑌𝑌 of Y-linking to H-linking rates 
depends strongly on the fraction (𝛿𝛿) of scissioned ends that form stable, load-bearing Y-links. To estimate 
𝛿𝛿 one needs to understand the stability of radicals formed following a scission event. In this section we 
explore such radical stability by computing the energetics of possible pathways using DFT-based first-
principles QM calculations65, 66 with the CP2K code.67   

It is understood that there are number of complex reaction channels in irradiated PDMS58 and silica 
fillers,48, 49 including ones not directly tied to cross-linking. In this section we explore some representative 
pathways using clusters of atoms in the gas phase. The DFT calculations reported below employed the 
generalized gradient approximation (GGA) functional due to Perdew-Burke-Ernzerhof (PBE)68 with 
Grimme D3 dispersion corrections69 and the core electrons represented by the Geodecker-Teter-Hutter 
pseudopotentials.70 CP2K is a mixed Gaussian/plane-wave code; we used a double-ζ plus polarization 
Gaussian basis set (DZVP) and a 200 Ha plane wave energy cutoff for expansion of the charge density. 
The electronic structure was evaluated with spin polarization at the Γ-point only. Reactions considered 
here involved migration of a single radical, so the spin multiplicity was taken as a doublet. We used the 
nonperiodic Martyna-Tuckerman Poisson electrostatic solver71 and a cubic simulation cell with side 
length 30 Å, which is more than twice the maximum cluster size.   
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Chemical reaction pathways were sampled using a constrained “bond scan” optimization approach in 
which the separation distance between two chosen atoms was incremented through set values. This was 
implemented in CP2K by applying a large harmonic bias potential to a single collective variable defined 
as the separation distance between the two chosen atoms. Each step in the scan was optimized subject to 
the biased collective variable using the BFGS algorithm with a force tolerance of 10−3 Ha/Bohr. These 
scans were performed starting from a configuration optimized without constraints, and were iterated on a 
uniformly spaced grid with a resolution of 0.1 Å. The initial configuration for each subsequent iteration of 
the scan was taken as the optimized configuration from the previous iteration. It should be noted that 
while this approach effectively explores the potential energy surface, it does not necessarily fully 
optimize local minima or transition states that would be obtained without constraints.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Initial radicals formed in irradiated PDMS and example Y- and H-type cross-links formed from biradical 
reactions. Species A and B are formed as a pair from scission of the main chain and species C and D are formed in 
separate events from excitation of the side groups. Atom centers with an initial radical are rendered in color. 

Radiation damage in PDMS is understood to result from the formation of radicals (see Figure 4) that arise 
from either main chain scission (species A and B) or excitation of the side groups (species C and D).15 
Recombination reactions involving biradical pairs is energetically favorable and result in the formation of 
H or Y cross-links. More specifically, recombination reactions involving main chain scission products A 
and B can lead to either a healed chain (e.g., A + B) or the formation of Y-links (e.g., A + C). In contrast, 
reactions involving side group radical species C and D can result in both types of cross-links. A Y-link is 
formed if C or D react with A or B, whereas an H-link forms if C or D react with another radical of type 
C or D. If biradical reactions are the only chemical pathways considered, then the only cross-link-
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producing outcome of main chain scission is Y-link formation. However, given that the timescale for 
cross-linking is governed by chain dynamics in which two radicals must migrate to reach each other and 
react, it is important to address the stability and lifetime of -Si· (species A) and/or -SiO· radicals (species 
B) formed upon chain scission, especially given the high reactivity (and the resulting instability) of most 
radicals.  

To explore the stability of -Si· and -SiO· radicals, we used DFT calculations to explore reaction energetics 
of such radicals with neighboring side groups in bulk PDMS. Three cases were considered, including: (a) 
reaction between a radical silicon terminus (species A) and a methyl side group forming a cross-link; (b) 
reaction between a radical silicon terminus and the hydrogen on a methyl side group leading to an H-
transfer; and (c) reaction between a radical oxygen terminus (species B) and a methyl side group. 
Constrained bond scan optimizations were used to sample these reactions and are shown in Figure 5, 
panels (a), (b), and (c), respectively. Distinct chemical configurations sampled in these reactions are 
shown to the right of each energy scan plot in the figure.  

In the first case, there is a significant barrier to reaction between a silicon radical and a methyl side group 
to form a cross-link. The constrained optimization predicts an energetic penalty of ~35 kcal/mol to induce 
a reaction from state 1 to 2. This reaction produces a Y-link and a free hydrogen radical that are 
energetically unfavorable relative to the starting point (ΔE ~ +15 kcal/mol). The back-reaction barrier is 
also quite large (~20 kcal/mol), indicating that state 2 would be kinetically stable once formed. Owing to 
both the large barrier and lack of energetic driver for reaction 1 → 2, it is reasonable to expect the radical 
silicon terminus will not directly form a cross-link unless it interacts with a more reactive site, such as 
another radical located on the polymer or an unsaturated bond found in a vinyl or phenyl side group.  

The second energy profile shows an alternative reaction channel with a radical silicon terminus (1 → 3). 
Compared to case (a), there is a more modest energy penalty (15 kcal/mol) to radical/H transfer resulting 
in a stable Si-H terminus and methyl radical side group.  Similar to case (a), there is no energy driver for 
this reaction (ΔE ~ +12 kcal/mol), but the back reaction barrier is very small (3 kcal/mol) indicating that 
state 3 is unstable even if formed. Based on the potential energy landscape, this radical/H transfer reaction 
is plausible but not likely to be a dominate pathway.  

Thus, according to the above analysis the Si-terminus is expected to be stable until it forms a Y-link with 
another side-group monoradical.  
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Fig. 5. Constrained optimization scans of the potential energy surface for monoradical reactions between (a) radical 
silicon terminus and methyl side group, (b) radical silicon terminus and hydrogen on methyl side group, and (c) 
radical oxygen terminus and methyl side group. Distinct chemical configurations sampled in the optimization scans 
are indicated in the figure panels and shown at the bottom. Biased atoms are rendered in color. 
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The energy landscape explored in the third case is more complicated than the previous two. There is a 
very small barrier (5 kcal/mol) to proton transfer between a radical oxygen terminus and methyl side 
group (4 → 5). This reaction produces a silanol (Si-OH) terminus and methyl radical side group identical 
to species C in Figure 4. Compared to state 4, there is also a modest energetic driver (ΔE ~ -5 kcal/mol) to 
reach state 5. Thus, the radical oxygen terminus is substantially less stable than the radical silicon 
terminus and can react to transfer the radical to a nearby side group. The back-reaction barrier is also 
comparatively modest (9 kcal/mol), indicating the possibility for a non-negligible equilibrium 
concentration of state 4. However, this equilibrium will be sensitive to entropic contributions arising from 
chain motions that cause the silanol and methyl radical side group to diffuse apart, which would favor 
state 5. Following the formation of a silanol, constrained optimization uncovers another local minimum 
that corresponds to a conformational change (5 → 5′) before a substantial 30+ kcal/mol barrier to further 
forward chemical reaction. While state 6 is a local minimum, it is unlikely that reaction 5 → 6 would 
occur through thermally activated chemistry.  

Large barriers to hydrogen abstraction by a radical silicon terminus are consistent with radiolysis 
experiments coupled to electron spin resonance spectroscopy, which found silicon radicals persist under 
cryogenic conditions.72 Recent cryogenic radiolysis experiments sensitive to methyl radicals found an 
increase in concentration of radical side group species C that was correlated to decay of free methyl 
radical (∙ CH3) concentration,73 although these changes in concentration were not equivalent. One possible 
contributor to this trend is that free methyl radicals may scavenge hydrogen from nearby side groups 
producing species C.73 The buildup of species C concentration is also consistent with the proposed 
monoradical reactions in Figure 5(b) and 5(c). Formation of Si-H bonds is consistent with infrared and 
NMR measurements of irradiated PDMS materials.53, 58  

Silanols are known to form in irradiated PDMS in the presence of large concentrations of strong hydrogen 
donors such as alkylthiols.56 Small quantities of silanol products were found in hexamethyldisiloxane 
irradiated under inert N2 atmosphere.74 Water is a common environmental antagonist known to be coupled 
to silanol production. Experimental NMR measurements found that thermal and radiative aging of PDMS 
in the presence of 17O-labled water led to 17O uptake in silanol groups and the main chain.75 Recent DFT 
calculations indicate that a radical oxygen terminus can readily abstract hydrogen from water, while the 
barrier for proton transfer between water and a radical silicon terminus is substantially higher.76 Water 
can couple with radiation effects to produce silanols77 and is predicted to destabilize highly strained 
chains leading to hydrolytic scission.78 Many mechanisms generate silanol functionalities under a range of 
conditions in PDMS, which complicates its use as a signature to conclusively validate the proposed 
mechanism through experiments.  

To summarize, the principal consequence for PDMS radiolysis cross-linking chemistry inferred from 
Figure 5 is that main chain scission can promote both Y- and H-link formation. This effect arises because 
radical side groups such as species C are necessary intermediates for both types of cross-linking. While 
the radical silicon terminus produced from scission is quite stable and would primarily engage in Y-
linking through biradical reaction, the radical oxygen terminus supports reaction pathways for both Y- 
and H-linking through radical migration to side groups. The value of the fraction 𝛿𝛿 (see the beginning of 
this section for definition) is governed primarily by the relative rates of the two types of linking processes 
resulting from the -SiO terminus. For instance, if these rates are nearly equal, and if we assume almost all 
cross-links to be load-bearing, we obtain 𝛿𝛿 ≈ 0.75. In general, we expect 𝛿𝛿 to be between 0.5 and 1.0. A 
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comparatively large 𝛿𝛿 is consistent with the NMR radiolysis experiments by Hill et al.58 that found Y-
linking to be the dominant route to crosslinking in PDMS over more well-established H-linking 
mechanisms.53, 55, 74 Additional environmental factors, such as large gas concentrations, may have other 
synergistic interactions with the radical silicon and oxygen termini. High-throughput computational 
screening of reactivity under many conditions using graph descriptors offers a promising route to 
elucidate the complex and often inseparable couplings of different atomic-scale aging mechanisms in 
PDMS and other polymer materials.79 

Before leaving this section, we would like to note that the present analysis is relevant to radiation-induced 
scission/cross-linking reactions in the bulk of the elastomer only. This is in spirit of the previous sections 
where fillers are not explicitly considered but assumed to influence mechanical properties and radiation-
induced net cross-linking through multiplicative constants 𝐶𝐶,𝐶𝐶′. A more accurate analysis of radiation-
induced chemical changes in filled rubber should take account of radical formation and cross-linking 
chemistry at the filler surface. Given the significant presence of SiOH termini at the silica filler surfaces, 
such analysis should be similar to Fig. 5(c), although effects of other molecules, e.g., H2O at the filler 
surface needs to be explicitly modeled. In future works, we have plans to explore such reactions in more 
detail.   

SUMMARY AND DISCUSSION 

In this work we show that radiation-induced permanent set and mechanical property changes of a filled 
silicone elastomer can be explained in terms of known concepts from network theory originally developed 
for unfilled rubber materials. The applicability of network theory concepts to filled systems hinges on 
several assumptions, the most important of which involves a direct proportionality between the shear 
modulus of the filled system and the cross-link density of the underlying network, and a direct 
proportionality (with a different proportionality constant) between radiation-induced modulus increase 
and the increase in the cross-link density in the bulk elastomeric network. We use such assumptions in 
conjunction with Tobolsky’s two-network model to quantitatively interpret the observed permanent set 
when filled-rubber samples are exposed to radiation while being under an applied tensile strain. For a 
consistent treatment of stress-strain response under the omnipresent Mullins effect we used the last 
loading cycle, and fitted it using Ogden’s incompressible hyperelastic model.  We found that for all our 
samples the Ogden N=1 model with zero 𝛼𝛼 exponent led to the best fit, which led to a simple 
interpretation of the single Ogden parameter as the shear modulus of the material. When used in 
conjunction with the Tobolsky two-network model, such a framework was able to quantitatively explain 
the observed permanent set data. Finally, through DFT calculations we explored the stability of radicals at 
the -Si and -SiO termini that are generated following a chain-scission event, and its effects on the relative 
rates of Y-linking versus H-linking processes. We found that the -Si terminus radicals are relatively 
stable, and highly probable to create Y-links (if not re-generating the pre-scissioned chain through 
recombination with the -SiO terminus), while the -SiO terminus radicals can potentially form either Y-
links or get passivated through hydrogen-abstraction (in which case a H-link is likely to form).  

Our analysis led to several interesting results, including: (1) the radiation-induced modulus enhancement 
and the permanent set data cannot be explained by H-linking processes alone, and incorporating 
contributions of Y-linking processes, which follow main-chain scission becomes necessary; (2) the 
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feedback effect due to structural relaxation following main-chain-scission of network 1 cross-links can be 
effectively modeled by Fricker’s transfer function, originally developed for an unfilled phantom network 
of Gaussian chains; (3) the predicted scission to cross-linking ratio that best fits the observed stress-strain 
and permanent set data (i.e., Figs. 2(b) and Fig. 3) is ~ 22%, which is similar to earlier experimental 
estimates using Charlseby-Pinner analysis on a similar system;63 (4) it is difficult to make a definite 
statement about the relative rates of Y-linking versus H-linking events: depending upon processing 
history and material details the ratio of these two types of cross-linking can be more than or less than 1, as 
we illustrated for various reasonable values of the parameter 𝛿𝛿; (5) the filler-enhancement factor of 
mechanical modulus in presence of radiation is a factor of ~2 stronger as compared to that in the absence 
of radiation; and (6) the -Si termini of scissioned chains should lead to primarily Y-links while the -SiO 
termini likely lead to significant fractions of both Y-links and -SiOH passivated ends. 

While the above results are interesting, we realize that some of the assumptions made are perhaps too 
simplistic. For instance, in network theory for unfilled rubber it is well-known that physical 
entanglements lead to a different stress-strain response than chemical cross-links,18-20 while in this work 
we lump such effect (along with filler-enhancement) within a contribution proportional to the chemical 
cross-link density. In fact, to address this we have explored the possibility of splitting the 𝜇𝜇0 term into 
contributions from entanglement and chemical cross-links present prior to radiation exposure and found 
that the best fits to the data occur when the contribution due to entanglement is zero. This is likely not due 
to the absence of entanglements, but rather reflects inconsistency of the isolated contribution of 
entanglements to the hyperelastic stress-strain response of the filled system, at least for the dataset 
analyzed here. Another aspect of network theory neglected in this work is consideration of different 
functionalities of the cross-link junctions. For instance, one could borrow ideas from the results of a 
phantom network model, and weight the contribution of each cross-link segment by a factor ≈ (1 −
𝜙𝜙1−1 − 𝜙𝜙2−1) (where 𝜙𝜙1,𝜙𝜙2 are functionalities of junctions at the two ends). However, that significantly 
complicates the analysis, and warrants knowing the starting functionality distribution of the pristine 
network prior to radiation exposure. Besides, it is not clear how a weighting factor such as the above gets 
modified in the presence of fillers. During our analysis we also made the tacit assumption that the ratio of 
non-load-bearing to load-bearing cross-link formation does not change with cumulative dosage. 

Given that the average end-to-end distance of a network chain between its two end-junctions is 
proportional to the square-root of the number of monomers in the chain, a strain of 2.67 is not enough to 
strain any chemical bond in the siloxane system, and thus does not alter the chemical reactivity of the 
system. However, at much larger macroscopic strain levels, where a significant number of network chains 
are stretched to near maximum-stretchable limits, one needs to account for stretches in the chemical 
bonds in the system, which can result in a higher susceptibility to radiation-induced chemistry.   

Finally, we would like to note that the rates of cross-linking (both Y and H) are kinetically governed by 
chain-diffusion rates as well as factors such as the density of vinyl side-groups, peroxide additives, and 
various radical scavengers present in the system. A more complete model needs to account for all the 
above factors at an appropriate phenomenological level. 
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