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Abstract 

Access to energy is crucial for modern societies to function sustainably. In addition, 
nuclear power has for a long time been considered a reliable source of energy. 
However, the majority of nuclear power plants are reaching the end of their service 
lifetimes, and it is crucial to verify that every component can withstand the added 
service time. With the ability to monitor the condition of components and perform 
lifetime predictions, suitable maintenance and safe operations can be achieved.  
The specific focus of this study was on ethylene-propylene diene (EPDM) rubber 
sealants with high filler content, which are replacing halogen-containing polymers. 
Two types of EPDM seals were studied: Lycron (Brattbergare), which is used in cable 
transit seal systems in reactor containment, and a carbon black-filled EPDM rubber 
sealant installed in a transportation valve for transporting old/spent nuclear fuel 
situated underwater in a reactor basin.  
The changes that occur in EPDM cable transit seals during thermal ageing and the 
causes of these changes were investigated. Samples were tested at different 
temperatures between 110 °C and 170 °C and evaluated with respect to the distance 
from the surface via modulus profiling, infrared (IR) spectroscopy and nuclear 
magnetic resonance (NMR) spectroscopy. The results showed the existence of three 
different deterioration mechanisms during ageing. By combining the different profile 
parameters, it was possible to quantify the contributing mechanism and to obtain 
information about the kinetics of the different processes. The effects of γ-irradiation 
on the EPDM cable transit seals in media with different oxygen partial pressures (1 – 
21.2 kPa) were studied. By employing different profiling methods, it was possible to 
separate the mechanisms: polymer oxidation, migration of molar mass species and 
anaerobic changes in the polymer network. Additionally, the migration process during 
γ-irradiation was found to be accelerated for higher oxygen partial pressures. The 
effects of radiation on carbon black-filled EPDM seals in air and water were studied 
via irradiating samples at high dose rates (7 kGy/h) up to 3.5 MGy. This is the first 
study on the cross-sectional profiles of highly filled EPDM materials exposed to 
radiation in water, and it shows great differences in the chemical and physical 
properties of the material after irradiation in air and water. Of particular interest in 
this study were the use of a non-invasive portable NMR sensor (NMR-MOUSE) to 
acquire spatially resolved information from samples and the investigation of this 
promising method for onsite condition monitoring tests.  
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modulus profiling, condition monitoring, plasticizer migration. 
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Sammanfattning  
 
Tillgången till energi är avgörande för att våra moderna samhällen ska kunna fungera 
hållbart. Kärnkraften har sedan länge ansetts vara en tillförlitlig energikälla för att 
uppfylla samhällets elbehov. Många av de svenska kärnkraftverken närma sig slutet 
av sin planerade livslängd och för att fortsätta ha dem i drift krävs det att samtliga 
installerade komponenter klarar av den utökade driftstiden. Genom att ha kunskapen 
om möjliga nedbrytningsmekanismer och förutsägbarhet av desamma, möjliggörs det 
för en adekvat hantering av åldringsproblematiken och att bibehålla hög driftsäkerhet.  
För denna studie har tätningskomponenter baserade på EPDM gummi, med hög 
fyllmedels halt studerades, då dessa ersätter en stor del av de halogeninnehållande 
komponenterna i kärnkraftverk. Två typer av hög fyllda EPDM tätningar har 
studerats: packbitar benämnda Lycron (Brattbergare) som används i 
kabelgenomföringar i reaktorinneslutningar och en EPDM tätning med hög fyllhalt av 
kimrök, installerad i en transportventil under vatten för förflyttning av uttjänat 
reaktorbränsle mellan bassänger.  
En detaljerad studie genomfördes av nedbrytningsmekanismer som uppstår vid 
termisk åldring av Brattbergare. Den termiska åldringen genomfördes mellan 110 °C 
– 170°C, och samtliga prov utvärderades med olika profilerings metoder: indentor 
modul, infraröd- och NMR spektroskopi. Resultaten visade förekomsten av tre olika 
nedbrytningsmekanismer som råder under termisk åldring: polymer oxidation, 
migration av mjukgörare och anaeroba tvärbindningseffekter. Kvantifiering och 
analys av de kinetiska processerna av mekanismerna, kan göras genom att kombinera 
resultaten från olika profilerings metoder.  
Dessutom studerades effekterna av gamma strålning på Brattbergare. Bestrålningen 
genomfördes i gas miljöer innehållande olika partialtryck syrgas (1 – 21 kPa). 
Nedbrytningsmekanismer verksamma under gamma strålning, separerades genom att 
använda en tidigare utarbetad metodik för termiskåldring av Brattbergare. Därtill 
konstaterades att migrationsprocessen av mjukgörare påskyndas vid ökad syrehalt 
under gamma strålning.  
Effekterna av strålning på EPDM-tätningar i luft och vatten studerades, tätningar 
bestrålades vid höga dosrater (7 kGy/h) upp till 3,5 MGy. Detta är den första studien 
som genomförts för att studera tvärsnittsprofilerna av ett hög fyllt EPDM-gummi efter 
bestrålning i vatten. Resultaten uppvisar stora skillnader i de kemiska och fysikaliska 
egenskaperna i materialet efter bestrålning i luft/vatten.  
Därtill har särskilt intresse i detta arbete dedikerats till att utvärdera, icke förstörande 
analys metoder som portabel NMR (NMR MOUSE). Metoden har används flitigt för 
att skapa profiler av olika EPDM komponenter och har uppvisat potential för att 
kunna används för tillståndsbedömning av olika komponenter i kärnkraftverk. 
 

 
Nyckelord: EPDM, termiskåldring, strålningsåldring, portabel NMR, modul 
profilering, tillståndsbedömning, mjukningsmedelavgång.  
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1. Introduction 
 

1.1 Background and the purpose of the study. 
	  
Energy is essential for human life and prosperity; therefore, a secure and accessible 

supply of energy is crucial for our modern societies to function sustainably [1]. Nuclear 

power has for a long time been considered a reliable source of energy for many 

countries throughout the world [2]. In Sweden, nuclear energy accounts for ca. 40 % of 

the national electricity production [3] and is sourced from three nuclear power plants 

(NPPs), Forsmark, Ringhals and Oskarshamn. However, many of these nuclear power 

plants were built in the 1970s and are therefore at the end of their service lifetimes. 

However, due to the high demand for non-fossil-based energy and the scarcity of 

reliable energy sources, an extension of their service lifetime is of interest. To meet the 

increasing energy demand and to facilitate the prolongation of the NPP service lifetimes, 

it is important to verify that all related components can withstand the added time. 

A vast number of polymeric materials, e.g., seals, cables, hoses and belts, are used 

in NPPs and are subject to important functional requirements related to safety 

during normal operations and various events [4]. A common and crucial component 

in NPPs is sealants, which have the primary function of preventing the leakage of 

unwanted fluids and gases during long-term normal operation and during an accident. 

However, the service conditions in NPPs, e.g. reactor containments, are well known 

to induce irreversible changes of the structure of the sealing materials and to alter 

their properties over longer-term operation, corresponding to the planned lifetime of 

a nuclear plant. The specific focus of this study has been on ethylene-propylene diene 

(EPDM) rubber seals with high filler content, which are being used increasingly often to 

replace halogenated polymers. The deterioration of these materials is complicated due to 

the material complexity and there is a clear need to find useful tools for condition 

monitoring and lifetime predications. 

In this study, two types of highly filled EPDM seals have been examined: the first type 

is Lycron (Brattbergare), produced by MCT Brattberg, Karlskrona, Sweden, which 

contain aluminium trihydrate (ATH) as a flame-retardant filler. The Lycron seal system 

is widely used in the Swedish nuclear reactor containments, functioning as a cable 

transit seal system between different compartments. The second component studied is a 
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carbon black-filled EPDM rubber sealant. The sealant is installed in a transportation 

valve situated in a reactor basin at the Ringhals nuclear power plant. Once per year, 

old/spent nuclear fuel rods are transported through the valve, exposing the rubber sealant 

to extreme conditions. Thus, both components studied are installed in highly demanding 

environments, where their long-term functionality and performance are essential.  

The aim of this work has been to study the induced changes in the structure of 

EPDM cable transit seals upon ageing. The activation energies have been estimated 

from accelerated ageing tests at high temperatures, and effort has been made to 

understand the underlying degradation mechanisms associated with the ageing. The 

effects of the oxygen partial pressures prevailing during normal operations or 

accident scenarios, have been extensively studied for the cable transit seal system. 

Another aim of this study has been to investigate the effects of γ-irradiation on 

highly filled EPDM elastomers in aqueous solutions (water). This topic is of 

practical importance for NPPs, as the use of highly filled EPDM components in 

demanding applications is becoming more common. In this study, the aim was to 

investigate the properties of EPDM seals, which are frequently used in the underwater 

transportation valves in the reactor basin of the Ringhals nuclear power plant in Sweden. 

Once per year, old fuel rods are transported through the valve, exposing the EPDM 

sealant to 350 kGy over a period of 40 h (8.75 kGy/h).  The effects of γ radiation in two 

different environments was investigated; irradiation in (i) distilled water and (ii) air 

(pO2= 21.2 kPa). Samples were irradiated to total doses of 350, 1400, 2100 and 3500 

kGy. The doses were chosen to correspond to 1, 4, 6 and 10 years in service. 

Effort has been made to investigate changes in the properties of the sealant and to 

understand the fundamental degradation mechanism that prevails during irradiation 

with water or air as the surrounding medium. Another aim of this work has been to 

identify possible methods to facilitate the non-destructive monitoring of 

deterioration. The challenge lies in the poor accessibility of the sealants and service 

environments (i.e., reactor containment contain nitrogen during service). Nuclear 

magnetic resonance (NMR) MOUSE was identified as a non-destructive test method 

that potentially has the capacity to fulfil these needs and it has been extensively 

used to determine the degree of degradation with time and to create in-depth 

relaxation profiles through the samples with high filler content.  
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1.2 Polymeric components in nuclear power plants. 
	  
A vast number of polymeric components can be found in a nuclear power plant, e.g. 

electrical cable insulations, hoses, seals and various instruments that contain 

polymers [2, 4, 5]. Electrical cables are among the most common polymeric 

components that can be found in an NPP [6]; e.g., over 1000 km of cable has been 

installed in one reactor alone at the Oskarshamn nuclear power plant. Another set of 

common and crucial component in NPPs are sealants, which have the primary 

function of preventing the leakage of unwanted fluids and gases during long-term 

normal operation and during an accident. In this study, two types of EPDM sealants 

were studied: Lycron blocks, which are used in cable transit seal systems (Fig. 1a) 

installed in reactor containments, and highly filled carbon black-containing sealants, 

which are used in a knife gate valve for the passage of old fuel rods that are highly 

radioactive (Fig. 1b).  

The Lycron cable transit seal systems have the ability to prevent fire, smoke, gas and 

water from reaching adjacent compartments of a structure through cable and pipe 

penetrations in the event of an accident [7]. These systems can be found in ships, oil 

platforms and nuclear power plants [7]. In this study focus has been on the cable transit 

seal systems installed in reactor containments. During normal operational conditions, the 

temperature in the containments is 25 °C and the atmosphere consist of nitrogen gas, N2 

( pO2 = 1 kPa).  The yearly γ-radiation exposure on the sealants is 0.15 kGy (3 kGy, 

after 20 years). During maintenance periods, which are ca. 3 months per year, the 

seals are exposed to open atmosphere (pO2 = 21.2 kPa) and the temperature is 

unchanged.  

In the case of accident, the atmosphere in the reactor containments is predicted to be  (i) 

pO2 = 5 kPa and in the case of a severe accident (ii) pO2 = 21.2 kPa (temperatures remains 

unaffected i.e. 25 °C). The sealing system should sustain 150 kGy for a period of 30 

days (dose rate: 0.20 kGy h–1) during both accident scenarios. In this study the sealing 

systems were evaluated up to 200 kGy (dose rate rate: 0.31 kGy h–1) for the three 

different atmospheric conditions (pO2 = 21.2 kPa, 5 kPa and 1 kPa).  
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The use of carbon black-filled EPDM seals in NPPs is extensive and occurs in a wide 

range of applications, e.g., valves/doors, O-rings in pumps and reactor enclosure 

systems. In this study a highly filled carbon black-containing sealants has been 

evaluated. The sealant is installed in a knife gate valve (Orbinox S.A. / Spain) for the 

passage of old fuel rods that are highly radioactive (Fig. 1b). The fuel rods are 

transported once per year through the valve and passage lasts for ca. 30 h, and exposes 

the sealant to 350 kGy during this time (dose rate: 11.66 kGy h–1). The surrounding 

medium during the transportation is water. For this study samples were irradiated to total 

doses of 350, 1400, 2100 and 3500 kGy, these doses were chosen to correspond to 1, 4, 

6 and 10 years in service. Additionally, Irradiation was performed both in water and in 

air, the later case was made in order to consider the effect of a sudden loss of water 

during the transportation process, which would expose the sealant to open air. 
 

 

 

 

 

 

 

 

 

	  
	  
	  
	   	  

Fig. 1. a) A cross-section of a cable transit system. Lycron seal blocks (pink) 
can be seen packed in the frame structure. b) Carbon black-containing 
EPDM seal installed in a transportation valve (knife-port valve).  
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1.3 Ethylene propylene diene (EPDM) rubber. 
	  

Ethylene-propylene diene monomer (EPDM) is a synthetic elastomer that was developed 

in the 1960s, primarily for the aerospace and automotive industries [8–10]. EPDM 

consists of polyethylene (PE) and polypropylene (PP) with a diene grafted onto an 

ethylene-propylene monomer; Fig. 2.  

	  
 

	  
 

EPDM is made by adding non-conjugated dienes during the copolymerization of 

ethylene-propylene [10]. The backbone of the generated EPDM elastomer will remain 

saturated, but the diene groups will provide active sites for vulcanization (crosslinking) 

with either sulphur or peroxides.   

Numerous types of EPDM with different properties exist, but three types of dienes are 

widely used: dicyclopentadiene (DCP), ethylidene norborene (ENB) and 1,4-hexadiene 

(HX) [8]. The majority of EPDM compounds available are based on either DCP or ENB 

[11].  

	  
	   	  

Fig. 2. Chemical structure of the monomers in EPDM with grafted ethylidene 
norborene (ENB) diene  (with permission by Smithersrapra 2017).  
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1.3.1 Additives. 
	  
A plasticizer is a substance, usually a liquid, but occasionally a low melting point solid, 

that is added to a material to improve its ability to be processed and stretched. A 

plasticizer must exhibit permanence so that it may not be lost during use; therefore 

plasticizers have usually high boiling points and high molar masses. Consequently, 

plasticizers can influence the melt viscosity, glass transition temperature (Tg) and 

modulus of elasticity of the material without changing the fundamental nature of the 

material [12]. However, the choice of plasticizer relies on factors such as, e.g., 

compatibility, processing characteristics and physical properties. Common plasticizers 

used for EPDM include polyisobutylene, paraffin oil, dibutyl phthalate, dioctyl phthalate 

and stearic acid, as well as zinc/calcium stearate [13].   

Fillers are additives for a polymer composition, commonly in large amounts to modify 

the polymer physical properties [12]. Filler are classified in several means, since the 

most common use of a filler is to improve the mechanical behaviour, a filler maybe 

reinforcing or non-reinforcing. In the latter case a filler can be used to increase the 

thermal conductivity e.g. silica [12]. Common fillers used in EPDM rubbers include 

calcium carbonate (CaCO3), carbon black and aluminium trihydrate, Al(OH)3. [14] In 

addition to the reinforcing effects, fillers such as aluminium trihydrate are commonly 

used in EPDM as fire-retardant additives. Aluminium trihydrate decomposes above 

220 °C to aluminium oxide, Al2O3 and releases the bound water incorporated in the 

initial structure [15, 16]. As previously mentioned, the main backbone of EPDM is fully 

saturated, enabling the elastomer to exhibit excellent resistance to oxygen, ozone, heat 

and irradiation [17]. However, additives such as antioxidants are commonly added to 

maximize weathering and ageing resistance. Examples of antioxidants used for EPDM 

include Irganox 1035 (a sterically hindered phenol antioxidant) and Vulkanox 4010 (an 

amine-type antioxidant) [18]. 
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1.4 Polymer ageing. 
	  
The service conditions in NPPs are well known to induce irreversible changes in 

polymers over time [19], a process that is referred to as polymer ageing. These 

changes usually affect the functionality of the polymers and prevent them from 

performing their intended function [20]. There are numerous factors that can 

accelerate polymer degradation, e.g., exposure to elevated temperatures, γ-

irradiation, the presence of oxygen and mechanical load [21]. Therefore, the ability 

to detect and prevent polymers with vital functions from deteriorating is needed, 

and polymers with crucial functions are therefore continuously evaluated through 

equipment qualifications and standardized tests that resemble their service 

conditions. These evaluations are usually performed under much shorter time spans, 

a process referred to as accelerated ageing.  

However, polymer ageing is a complex process, and the mechanisms responsible for 

deterioration can vary for different polymers. In addition, factors such as the 

initiation source (thermal or γ-irradiation) can be crucial for determining the 

outcome of the ageing [22]. The polymer composition can also be an influencing 

factor; an example is the crosslinking system in rubbers, which are commonly 

sulphur or peroxide based. Sulphur-based crosslinks are based on S-S bonds, while 

peroxide-based crosslinks are C-C bonds. It has been established that the sulphur bonds 

are less thermally stable than peroxide crosslinks [23, 24], and thermal ageing of 

sulphur-crosslinked elastomers such as EPDM [25–27] has shown that they become 

more brittle with time. This is because the polysulphidic bridges are degraded to di- or 

monosulphide bridges, which increases the crosslinking density of the elastomer and 

results in a more brittle material [28, 29].  

Other components in rubbers that can affect the ageing are additives such as 

plasticizers, stabilizers and fillers. Plasticizers have in several cases been found to 

migrate out of rubber components during the ageing process, with the consequence 

that the rubber loses its mechanical properties and becomes more brittle with time, 

causing failure [30–34]. 
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1.4.1 Thermal and oxidative degradation of EPDM. 
	  
It is easy to expect that the thermal degradation behaviours of polymers should be 

similar to those of small molecular compounds with identical chemical constituents. 

However, polymers are made up of repeated monomer units, which make them far more 

complex, they may also incorporate chain branches, unsaturated structures and various 

other features that may have formed during the process of polymerisation or due to 

impurities in the polymerising mixture. Additionally, structural changes may have 

occurred in the polymer during its shelf life as a result of exposure to sunlight or air. 

These “irregular” structures may function as initiation points in the degradation process 

when exposed to elevated temperatures.  

 
Oxidation is among the most common causes of deterioration in polymeric components 

used in NPPs [22] and can occur at every stage of the life cycle of the polymer, e.g., 

manufacturing, storing and use. Generally, polymer oxidation results in a more brittle 

material with reduced strain-at-break and in the formation of carbonyl compounds as an 

end product [35].  

Polymer oxidation occurs by free radical chain reactions in which the polymer chain is 

carried into a reaction upon the abstraction of a hydrogen atom by a free radical; the 

subsequent reactions lead to chain scission or crosslinking reactions. The process of 

oxidation has been described by the basic auto-oxidation scheme (BAS) [36–38]. The 

BAS scheme derived by Bolland and Gee can be divided into three steps, initiation, 

propagation and termination.  

 

 

 

  



 9 

The first step is initiation, in which a free alkyl radical (R ) is formed along the 

polymer chain: 

 

 Polymer  →  R i   

 

The subsequent step is propagation, in which a polymer peroxy radical (ROO ) is 

formed by the reaction of free radicals and oxygen. The peroxy radical will continue to 

react with the polymer to generate another alkyl radical and hydroperoxide (ROOH).  

 

 R i + O2  →  ROO i  

 ROO i  + RH →  ROOH + R i  

 

The next step will be the branching, in which the hydro peroxide (ROOH) decomposes 

into alkoxy (RO i ) and hydroxyl (HO i ) radicals. Additionally, the branching step will 

yield more free radicals: 

 

 

ROOH →  RO i  + HO i
2ROOH →  ROO i  + RO i  + H2O
RO i  + RH →  ROH + R i
HO i  + RH →  R i  + H2O

 

 

The last step is termination, in which the radicals react to form stable products: 

 

 2ROO i  →  Non radical products  

 ROO i  →  ROOR  

 2R i  →  R–R  

 

While all polymers degrade at high temperatures in the absence of air, the degradation is 

usually faster in the presence of oxygen and is normally auto-accelerating. The rate is 

slow or even insignificant in the beginning and gradually accelerates. The addition of 

antioxidants and stabilizing agents can stabilize the polymer by extending the auto-

acceleration induction time. 

   

 i

 i
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The thermal ageing of EPDM elastomers is strongly dependent on the ethylene-

propylene ratio and the type of diene used [39]. The diene has been established to be a 

particularly reactive site during ageing [40–47]. This has been suggested to be due to the 

abstraction of allylic H atom (bond energy approx. 345 kJ/mol [48]), which is strongly 

susceptible to oxidation. Additionally, the decomposition of the diene termonomer 

favours crosslinking in EPDM [49] , though the extent is strongly governed by the type 

of diene used [28, 50]. Possible initiation reactions for ethylidene norborene (ENB) 

diene [51]  are shown in Fig. 3.  

 

 
 

 

Despite the sensitivity of ENB towards oxidation, the diene is very useful for subsequent 

crosslinking by peroxide or sulphur curing.  

It is generally accepted that both photo- and thermo-oxidation start on the ENB moiety 

and eventually reaches the ethylene-propylene units [51, 52]. The propylene units are 

more susceptible to oxidation at the tertiary carbon than the ethylene units (C–H bond 

energy is 410 kJ/mol) because there is a hydrogen atom readily available to be 

abstracted (bond energy 385 kJ/mol), which results in a chain scission [53] (Fig. 4). The 

abstraction of the hydrogen atom from the tertiary position and addition of the oxygen 

atom will contribute to the decomposition of the peroxy radical to an alkoxy radical after 

chain scission and ketone formation.  

  

Fig. 3. Possible intitation reactions for ethylidene norborene (ENB) diene [51].   
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1.4.2 Effects of γ-irradiation on EPDM. 
	  
As polymeric materials are widely used in various components throughout nuclear 

power plants, some components are exposed to γ-irradiation during service. The γ-

irradiation involves high energy, greater than the bond energies between the molecules; 

therefore, γ-irradiation can easily penetrate through the polymeric samples, as the 

absorptivity of the polymer is low. This absorption is not selective, and radicals can be 

formed homogenously through several millimetres of sample thickness [54, 55]. 

Depending on the irradiation conditions, when rubbers are exposed to γ-irradiation, 

deterioration is commonly caused by scission or crosslinking of the polymer chains. The 

formation of gaseous products (hydrogen), accumulation of oxidation products and 

build-up of unsaturation can also occur [56–59]. Hence, the radio-oxidative reactions 

occurring in the polymeric material will depend strongly on the detailed kinetics of the 

individual steps of the oxidation chain reactions, while the kinetics depend strongly on 

the type of γ-irradiation and on the additives incorporated into the polymeric material 

[22, 60].  

The effects of γ-irradiation on EPDM have been extensively studied elsewhere [18, 44–

46, 60–67], and the effects of the surrounding atmospheric medium during γ-irradiation 

have also been studied [18, 44–46]. Under inert conditions, the degradation involves the 

formation of molecular hydrogen and reactions at the ethylene unit, leading to the 

formation of C–C bonds between molecular chains (crosslinking) or C–H bond breaking 

adjacent to the previously broken C-H bond. Two radicals may also combine and 

introduce unsaturation (trans-vinylene, vinylidene and 1,2-vinyl) into the polymer chain 

[44].

Fig. 4. Scission reactions in the propylene unit [27].  
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Moreover, comparison between EPDM and EPR showed that the diene, i.e. 5–ethyldiene 

2–norborene (ENB), was consumed during γ-irradiation, which resulted in a further 

crosslinking effect on the EPDM [44] . 

In the presence of oxygen, the alkyl radicals were observed to react with the oxygen to 

form peroxy radicals [44, 46], which can then react further by abstracting hydrogen from 

the polymer chain, resulting in the formation of hydroperoxides and an alkyl radical. 

The alkyl radical can react with oxygen to form peroxy radicals [44, 46], and these 

radicals can recombine into stable compounds such as ketones and alcohols. The 

hydroperoxides can also decompose to stable compounds such as carboxylic acids [44–

46]. The consumption of the ENB moieties is even more significant in the presence of 

oxygen.  

1.4.3 Diffusion limited oxidation (DLO). 
	  
Qualification tests are continuously performed on critical components to assess their 

capability to fulfil their intended function. These tests are usually conducted via 

accelerated ageing, which commonly involves exposing samples to, e.g., elevated 

temperature. This process is based on the assumption that the rate of degradation of the 

component remains the same and that the mechanism and kinetics of degradation remain 

unchanged between service conditions and accelerated ageing conditions.   

This approach is practical because the required service lifetime of the components can 

be in the order of several decades, and thus accelerated ageing can limit the expenditure 

of time and money. However, since accelerated ageing tests are conducted at much 

higher temperatures or irradiation doses, the rate of degradation under these conditions 

can be different from that during the operational conditions. One effect that may change 

the rate of degradation is diffusion-limited oxidation, DLO, which occurs when the rate 

of oxygen consumption throughout the material exceeds the rate of oxygen resupply 

through diffusion. This results in a less oxidized bulk if the consumption rate is the 

limiting factor. The effects of thermal ageing and γ-irradiation involving DLO have 

been extensively studied [6, 33, 35, 63, 65, 68], with the consistent conclusion that it is 

necessary to reveal the degradation profiles to understand the deterioration mechanisms 

better.  
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Although studying thin samples can minimize diffusion effects in polymer ageing 

studies, this approach can cause many drawbacks; during laboratory studies oxidation is 

commonly confined to only fractions of millimetres, which makes it difficult to prepare 

sufficiently thin samples. Additionally, the properties of the thin samples may be 

unrepresentative of the bulk material, as most commercially prepared components and 

samples are large. Numerous techniques exist capable of monitoring heterogeneous 

properties in both laboratory prepared samples and commercial components: indenter 

modulus testing [69–71], density profiling [72–74], nuclear magnetic resonance (NMR) 

spectroscopy [75] and infrared (IR) spectroscopy [76, 77].  

Fig. 5 shows the effects of DLO for a neoprene elastomer evaluated with indenter 

modulus tests to show the surface hardness at different depths. The strong effect of 

oxidation at the surfaces relative to the bulk is evident, reflected in the higher modulus at 

the surface (due to the higher level of crosslinking) and the lower modulus in the 

interior.  

 

 

 
 

 

 

 

 

 

 

 
	  

Fig. 5 Indenter modulus mapping of a neoprene rubber aged at 125 °C for 
15 days [21].  
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1.5 Accelerated ageing and lifetime predictions. 
	  
As the required service lifetimes of most components used in NPPs can be very long, 

accelerated ageing tests can be a means of evaluating the long-term properties of 

components while limiting the expenditure of time and capital. Lifetime predictions can 

be completed in various ways; one approach is to reveal the chemical and physical 

changes that are responsible for degradation under real service conditions. Accelerated 

ageing tests are then used to show the kinetics of the deterioration processes. These 

kinetic processes are then expressed mathematically and extrapolated to service 

conditions [78]. Another more empirical approach is to expose the components to 

elevated temperatures or higher γ-irradiation doses than those expected under service 

conditions, consequently increasing the rate of degradation of the polymeric component. 

However, when conducting accelerated tests at higher temperatures, the assumption is 

made that the degradation mechanisms and rate-limiting effects remain the same 

throughout the extrapolation range [79–81]. 

Data from these elevated temperature tests are used to evaluate the trend of the shift 

factor and its temperature dependence; the extrapolation to service conditions will 

depend on the whether the shift factors follow the Arrhenius equation.  

However, accelerated ageing tests can lead to difficulties, as the mechanism of 

degradation for a polymer can differ between elevated temperatures and the service 

conditions. For example, the rate of oxidation under the service conditions is dependent 

on the formation rate of the radicals, while at elevated temperatures; the rate-limiting 

step might be the diffusion of oxygen into the sample (DLO). 

The Arrhenius law is a common extrapolation method used for estimating activation 

energies and lifetimes. It can be used to extrapolate the results from accelerated ageing 

tests performed at high temperatures down to the temperature at service conditions, 

assuming that the rate of degradation, k, remains unchanged. The rate of degradation, k, 

is related to the temperature, T, according to the following equation: 

     k = A ⋅  e
−Ea
RT      (1) 

 

where Ea is the activation energy, which is constant during the temperature range of 

extrapolation.  
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The validity of the correlation fails if the degradation mechanism or rate-limiting step 

changes within the temperature range of extrapolation, which would affect the estimated 

activation energy and lead to an overestimation of the service lifetime [6]. 

 1.6 Condition monitoring. 
 

To properly manage the safety and ageing issues of polymeric components in NPPs, 

there is a clear need for the ability to measure and detect the degradation of polymeric 

materials. Several different methods exist that can be both non-destructive and 

destructive, but it is important to choose a method with the ability to measure properties 

that reflect the component functionality. The most common method for condition 

monitoring is tensile testing of the property of elongation at break, . Elongation at 

break is the maximum possible elongation of the material before it ruptures, which is 

measured as a percentage of the initial length according to εb=ΔL/L0 Generally, 

polymeric materials have a decreasing εb when aged. The elongation at break is often set 

as a lower limit criterion, e.g., 50 % strain at break for rubbers [82]. Tensile testing 

which is a destructive method can asses the modulus of elasticity of the rubber. The 

modulus of elasticity is well known to increase for rubbers that have undergone 

crosslinking or lost plasticizer during the course of ageing [62, 83]. Other destructive 

methods of conditions monitoring include measurement of the soluble fraction [84], 

density [72], oxygen consumption [85], or oxidation induction time (OIT) [86], carbonyl 

index (CI) profiling with infrared spectroscopy [51, 76, 87] and the use of high-field 

nuclear magnetic resonance (NMR) [41, 65, 88–90].  

However, destructive condition monitoring methods such as measuring the elongation at 

break require the removal of samples from the application site. This requirement can be 

troublesome, as an NPP contains a large amount of cables and sealants, especially if it is 

necessary to continuously test and evaluate components; this process will disrupt the 

operations.  

Much effort has been devoted to developing non-destructive methods to monitor the 

condition of the insulating materials [6]. A common non-destructive method is the 

indenter, which measures the surface hardness [26, 34, 69–71, 91]. The indenter, which 

is a portable and useful method for examining readily accessible cables, is however only 

capable of assessing the immediate surface structure of the component. Moreover, the 

εb
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need for accessibility restricts the use of the method in, for example, reactor 

compartments where the atmosphere is inert.  

Another emerging technique for monitoring the condition of cables and sealants is low-

field NMR sensors, which are capable of assessing the structure profile within several 

mm of a rubber component [92–99]. The low-field NMR measures the transverse 

relaxation, T2, of 1H atoms within the measured material, which can provide useful 

information about the molecular mobility of the material, e.g., the development of 

crosslinking within the sample [68]. Additionally, low-field sensors such as the NMR 

MOUSE (mobile universal surface explorer) can be used to study the migration of 

plasticizers. An example is the study of the migration of plasticizers from PVC [92].  
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2. Experimental 
	  

2.1 Materials 
	  
2.1.1 EPDM cable transit seals. 
	  
MCT Brattberg AB, Karlskrona, Sweden, manufactured the cable transit seals, 

nominated as Lycron spare blocks 20/0, with the dimensions, 60 x 20 x 20 (mm)3. The 

seals are based on a sulphur-vulcanized EPDM, which contained: 30 ± 2 wt.% EPDM 

(Vistalon 8504, Exxon Mobil Chemical: a copolymer based on 51 wt.% ethylene, 

39 wt.% propylene and 10 wt.% 5-ethylidene 2-norbornene (ENB)), 6 ± 2 wt.% chalk, 

35 ± 5 wt.% aluminium trihydrate (ATH), 3 ± 2 wt.% magnesium carbonate, ca. 2 wt.% 

zinc salts (oxide and stearate), ca. 2 wt.% titanium dioxide and 6–7 wt.% material 

extractable in n-heptane (mostly glyceryl stearate) and 1–2 wt.% sulphur. Not included 

in the recipe are accelerators/activators, which are expected to be a part of the recipe 

[100].  

 

Cable transit seals in service at the Oskarshamn nuclear power plant. 

 

Cable transit seals with the same material composition as new Lycron spare blocks 20/0, 

(60 x 20 x 20 (mm)3) were provided by Oskarshamnsverkets kraftgrupp (OKG AB). 

Samples were installed in the reactor containments at the Oskarshamn nuclear power 

plant and were in service for 1 year (2015–2016) and 21 years (1995–2016). During 

normal operations at 23 °C, the atmosphere in the reactor containments was low in 

oxygen content (pO2 = 1 kPa) and the annual γ-irradiation dose was 0.15 kGy. 

Throughout yearly maintenance periods, which last for 3 months, the seals were exposed 

to air (pO2 = 21.2 kPa) without γ-radiation. 
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2.1.2 EPDM seals for knife-port transportation valves. 
	  
Orbinox S.A (Spain) provided u-shaped EPDM seals with the dimensions shown in 

Fig. 6 Rubber cuboids were removed from the u–shaped sealant and polished with a 

Knuth rotor-polishing machine (Knuth-rotor 2, Struers, Copenhagen, Denmark) to the 

dimensions, 50 x 6 x 6 (mm)3. According to thermogravimetry on the rubber sample and 

scanning electron microscopy coupled to energy dispersive spectroscopy (SEM–EDS): 

the seals contained 47 ± 1 wt.% EPDM rubber (Vistalon 6602, Exxon Mobil Chemical: 

a terpolymer based on 55 wt.% ethylene, 39.8 wt.% propylene and 5.2 wt.% 5-

ethylidene 2-norbornene (ENB)), 39 ± 1 wt.% carbon black, 5 ± 1 wt.% calcium 

carbonate (CaCO3).  Also included are 7 ± 1 wt.% materials extractable in n-heptane 

(mostly paraffinic oil, determined by IR spectroscopy, section 2.5.2). Other components 

included in the recipe are 1 wt.% sulphur, 0.5 wt.% ZnO and 0.5 wt.% of MgO.  

	  
	  

 
	  
	  
	   	  

 Fig. 6. scheme of the u-shaped EPDM sealant provided by Orbinox S.A. 
(Spain). Seal contains a steel support (grey) imbedded by EPDM. 
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2.2 Ageing devices and accelerated ageing 
	  
2.2.1 Thermal ageing 

	  
Thermal ageing of EPDM cable transit seals 
	  
For the oven ageing both seal blocks and slice of the seals were used.  Slices were 

prepared by cutting seal blocks with a band saw (HBS230HQ Holzmann Maschinen, 

Austria) and polishing the slices on a Knuth rotor polishing machine (Knuth-rotor 2, 

Struers, Copenhagen, Denmark. Sand paper used was a silicone carbide grinding paper, 

(Grit 320, supplied by Struers – Denmark) to finally reach a thickness of 3 ± 0.1 mm. 

The seal blocks and the slices were hung on aluminium stands and aged in dry air 

(<1 %RH) in an ULE-600 ventilated oven (volume = 256 L; Memmert GmbH & Co., 

Germany) at 110 ± 1 °C, 120 ± 1 °C, 150  ± 1 °C and 170 ± 1 °C, for six different 

ageing times. The samples were positioned to avoid direct flow from the gas inlet and 

the air replacement rate was 10 000 L h-1 with a linear air flow rate ca. 1 m s–1 [101].  

 

2.2.2 γ-irradiation of EPDM. 
 

γ-irradiation of EPDM cable transit seals. 
	  
For the γ-irradiation, the cable transit seals were cut into smaller blocks (30 x 6 x 6 

mm3). For the γ-irradiation in low oxygen containing mediums (pO2 = 1 kPa and 5 kPa), 

samples were placed in 0.4 L glass vessels (manufactured by Saveen Werner, Sweden); 

which were purged with gas having these oxygen partial pressures, Fig. 7. For the γ-

irradiation in the low oxygen medium (at pO2 = 1 kPa and 5 kPa) samples were kept in 

the containers before the actual irradiation for a time equal to at least 2L2/D (based on 

the one-dimensional Einstein equation), where L is half the sample thickness (3 mm) and 

D is the oxygen diffusivity (6.5 x 10–11 m2 s–1 for a flame-protected EPDM grade [39]).  

This was made in order to ensure that the oxygen dissolved in the EPDM rubber was in 

equilibrium with the gas phase prior to the irradiation (the equilibration time was 76 h). 

Additional gas with the same oxygen partial pressures would be added to the vessels to 

keep the oxygen partial pressure constant during the irradiation period.  
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The γ-irradiation at pO2 = 21.2 kPa was performed in vessels shown in Fig. 7, without 

lids, thus exposing the samples to the surrounding air in the irradiation chamber. The γ-

irradiation was carried out at 23 ± 2 °C using a 60Co γ -ray source that yielded a dose 

rate of 0.31 kGyh-1
 to reach the final dose levels of 40, 80, 120, 180 and 200 kGy. The 

irradiation was performed at the Prazdroj facility at ÚJV Řež, a. s., Czech Republic. 

After exposing samples to γ-radiation, samples were placed in vessels filled with 

nitrogen in a dark room, to minimize the risk of post-irradiation reactions involving 

oxygen.  

 

	  

	  

	  

	  

	  

	  

	  

	  

	  

 	  

Fig. 7. glass vessel used for the γ-irradiation in low oxygen containing 
mediums (pO2 = 1 kPa and 5 kPa). 



 21 

γ-irradiation of EDPM seals in water and air. 
 
For the γ-irradiation in water, cuboid samples (50 x 6 x 6 (mm)3) were cut out from u-

shaped EPDM seals and placed in vessels filled with 0.4 litre of distilled water (Fig. 7). 

Additional water was added to maintain the same water volume throughout γ-irradiation 

process, as some of the water would evaporate. For the irradiation in air, samples were 

placed in vessels shown in Fig. 7, without lids, thus exposing the samples to the 

surrounding media of the irradiation chamber. The γ-irradiation was generated with a 
60Co ɤ-ray source (Fig. 8), achieving doses of 350 kGy, 1.4 MGy, 2.1 MGy and 

3.5 MGy. The doses were chosen to correspond to 1, 4, 6 and 10 years in service. Two 

vessels containing either air or water were used for each achieved dose; in total eight 

vessels for all doses and environments. The dose rate was 7 kGy/h, as determined by an 

Alanine-EPR Dosimetry System (ISO/ASTM 51607-04). The temperature in the vessels 

were determined to 50 ± 5 °C during the γ-irradiation. All samples were irradiated in the 
60Co ɤ-ray source Prazdroj, ÚJV Řež, a. s., Czech Republic. After irradiation samples 

were stored at room temperature in vessels with pO2 = 1 kPa in a dark room.  

	  
	  
	  

	  
	  

 

 

	  
	   	  

Fig. 8. The Prazdroj 60Co ɤ-ray source used for the γ-irradiation. 
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2.3 Mechanical testing 
	  
2.3.1 Tensile testing 
	  
Tensile testing of EPDM cable transit seals. 
	  
Mechanical testing was conducted on an Instron 5566 universal tensile testing machine. 

Tensile testing was performed on dumb-bell shaped specimens with dimensions 

according to ISO 37-3. The thickness of the cable transit seal test specimens was 3.0 ± 

0.1 mm. The initial gauge length was 20 mm and the extension rate was 50 mm min-1. 

The strain was calculated from the distance between the grips and all tests were made at 

23 ± 1 °C and 50 ± 5 % RH. 

 

For the γ-irradiated samples (dose = 200 kGy; dose rate = 0.31 kGy h–1 at 23 °C in air) 

with the dimensions 30 x 6 x 6 mm3, tensile testing was performed by cutting the 

samples into small dumb-bells according to ISO 37– 3: length of the narrow point = 15 ± 

0.2 mm; width 4 ±. 0.1 mm, and the thickness of the specimens was 3.0 ± 0.1 mm. The 

initial gauge length was 10 mm and the extension rate was 50 mm min-1. The strain was 

calculated from the distance between the grips and all tests were performed at 23 ± 1 °C 

and 50 ± 5 %RH. 

	  
2.3.2 Indenter modulus measurements of EPDM cable transit seals. 
 

The indenter modulus for EPDM cable transit seals, thermally aged or γ-irradiated, was 

determined by indentation at 23 ± 1 °C and 50 ± 5 % RH; using a modified Instron 5944 

Universal Tensile Testing Machine, equipped with an Instron 500 N load cell and a 

high-precision xy-stage providing travel increments of 0.25 mm in both the x and y 

directions. The indenter probe was a truncated tip based on IEC/IEEE Std 62582-2-2011 

(the diameter of the penetrating base circle was 0.8 mm) [102]. The force felt by the 

indenter probe was recorded as a function of the penetration depth: the modulus, N mm–

1, was determined from the slope of the force-penetration-depth relationship. Ten 

independent measurements were made for each specimen, the lowest and highest values 

were excluded and the remaining values were used for the statistical evaluation. 
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2.3.3  Modulus profiling (micro-indentation) 

Modulus profiling of thermally aged EPDM cable transit seals. 

Cable transit seal blocks were cut into slices and polished on a Knuth rotor polishing 

machine (Knuth-rotor 2, Struers, Copenhagen, Denmark) to get a thickness of 3 ± 

0.1 mm (see Fig. 10). The sand paper used for the polishing was a silicone carbide 

grinding paper, Grit 320, Struers, Denmark.  The micro-indentation was performed at 23 

± 1 °C and 50 ± 5 % RH using a modified Instron 5944 Universal Tensile Testing 

Machine, fitted with an Instron 10 N load cell and a high-precision xy-stage providing 

travel increments of 0.25 mm in both the x and y directions. The indenter probe used for 

this study is a scaled-down truncated probe (Fig. 9), based on the IEC/IEEE Std 62582-

2-2011 [102], with a tip diameter of 0.2 mm. Samples cross-sections were scanned from 

the surface to a depth of 5 mm inwards, with 0.25 mm increments.  

	   	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

 

 

 

  

Fig. 9a shows a cross-section of an EPDM cable transit seal (width/length = 20 mm; 
thickness = 3mm), dots indicated a micro-indentation path along the cross-section. 
Fig. 9b shows the schematic of the micro-indenter probe, the truncated probe is only 
0.2 mm in diameter at the tip (drawing is not drawn to scale). 
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Modulus profiling of γ-irradiated EPDM cable transit seals. 

γ-irradiated samples with the dimensions, 30 x 6 x 6 mm3, were sliced and polished 

using a polishing machine (Knuth-rotor 2, Struers, Copenhagen, Denmark) to get a 

thickness of 3 ± 0.1 mm. The sand paper used for the polishing was a silicone carbide 

grinding paper, Grit 320, Struers – Denmark. Micro-indentation was performed 

according to the method described earlier for thermally aged EPDM cable transit seals.  

Samples cross-sections were scanned from the surface to a depth of 3 mm inwards, with 

0.25 mm increments.  

 

Modulus profiling of u-shaped EPDM seals, γ-irradiated in water and air.  

The rubber cuboids (prepared according to section 2.1.2) were cut into slices and 

polished on a Knuth rotor-polishing machine (Knuth-rotor 2, Struers, Copenhagen, 

Denmark) to obtain a thickness of 3 ± 0.1 mm. The sand paper used for the polishing 

was a silicone carbide grinding paper, Grit 320, Struers – Denmark. Modulus profiling 

was performed according to the procedure described earlier for the thermally aged 

EPDM cable transit seals. Samples were scanned along their cross-sections from the 

surface to a depth of 3 mm at 0.25 mm increments. 

	  

2.4 Infrared (IR) spectroscopy  
	  

2.4.1 Carbonyl index (CI) profiles for thermally aged EPDM cable transit seals.  

 

Degree of oxidation through the sample cross-sections was obtained using a Perkin-

Elmer Spotlight 400 FTIR imaging system with a germanium ATR crystal. Thermally 

aged EPDM cable transit seals were cut into slices and polished with a Knuth rotor 

polishing machine (Knuth-rotor 2, Struers, Copenhagen, Denmark) to get a thickness of 

3  ± 0.1 mm. The sand paper used for the polishing was a silicone carbide grinding 

paper, Grit 320, Struers – Denmark.  

Spectra were collected for every 100 µm intervals over the sample slice, with 32 scan 

per spatial point and a spectral resolution of 1 cm–1. The infrared (IR) spectra were 

recorded between 750 and 4000 cm–1. Samples were scanned along the cross-sections up 

to 5 mm.  
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The degree of oxidation was determined by taking the area of the carbonyl bands (1690 

– 1760 cm–1), and normalizing this area with respect to a selected internal reference 

band, which does not changes during the curse of ageing; the aluminium trihydrate band 

centring at 800 cm–1 was chosen for the EPDM cable transit seals.  

 

2.4.2 Carbonyl index (CI) profiles for γ-irradiated EPDM cable transit seals. 

 

γ-irradiated samples with the dimensions, 30 x 6 x 6 (mm)3, were sliced and polished 

using a polishing machine (Knuth-rotor 2, Struers, Copenhagen, Denmark) to get a 

thickness of 3 ± 0.1 mm. The sand paper used for the polishing was a silicone carbide 

grinding paper, Grit 320, Struers – Denmark.  

Infrared spectra were collected using a Perkin-Elmer Spotlight 400 FTIR imaging 

system with a germanium ATR crystal. Spectra were collected for every 100 µm 

intervals over the sample slice, with 32 scan per spatial point and a spectral resolution of 

1 cm–1. The Infrared (IR) spectra were recorded between 750 and 4000 cm–1. Samples 

were scanned along the cross-sections, from the surface up to a depth of 3 mm. The 

degree of oxidation was determined as described in section 2.4.1.  

 

2.4.3 Carbonyl index profiles for u-shaped EPDM seals used for transportation valves.  

 

The degree of oxidation at different depths in the samples was assessed by using a 

Perkin-Elmer Spotlight 400 FTIR imaging system with a germanium ATR crystal. γ-

irradiated cuboids (prepared according to section 2.1.2) were cut into slices and polished 

with a Knuth rotor-polishing machine (Knuth-rotor 2, Struers, Copenhagen, Denmark) 

to get a thickness of 3  ± 0.1 mm. The sand paper used was a silicone carbide grinding 

paper Grit 320, Struers – Denmark. Data was collected at 250 µm intervals over the 

sample slice. The IR spectra were recorded between 750 and 4000 cm–1, using 32 scans 

per spatial point and a spectral resolution of 1 cm–1. Quantification of the oxidation in 

the samples was made by taking the area of the carbonyl band (1690 – 1760 cm–1) 

normalizing this area with respect to a selected internal reference band at 2848 cm−1. The 

latter band was assigned to the CH2 symmetric stretching mode and is essentially 

unaffected due to the low levels of oxidation here. 
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2.5 Analysis of components extractable in n-heptane. 
	  

2.5.1 Extraction profiles for EPDM cable transit seals. 
	  

EPDM cable transit seals thermally aged at 110 ± 1 °C, 120 ± 1 °C, 150  ± 1 °C and 170 

± 1 °C, with the dimensions, 60 x 20 x 20 (mm)3, were cut open at the centre of the 

blocks and polished using a polishing machine (Knuth-rotor 2, Struers, Copenhagen, 

Denmark) to 3.0 ± 0.1 mm thick plaques (dimension of the plaques, 20 x 20 x 3 (mm)3) . 

The edges of the slices were subsequently removed in order to eliminate the corner 

regions that had been aged simultaneously along two directions (x and y), giving 20 x 

6.5 x 3 (mm)3 slices. These plaques were guillotined in 0.5 ± 0.1 mm increments from 

the surface up to 5 mm, using a home-built setup consisting of high a precision xy-stage 

giving travel increments of 0.25 mm in both the x and y directions, and a 0.35 mm thick 

blade (Swann-Morton Ltd, Sheffield, UK) connected to a chuck. Guillotined samples 

were 0.5 x 6.5 x 3 (mm)3 in size. Thereafter samples were extracted in 20 mL n-heptane 

(CAS no. 142-82-5; ≥ 99% purity; WVR GRP Rectapur) at 80 ± 1 °C in a ventilated 

oven (Memmert ULE-600) for 6 h and finally dried to constant mass at 50 ± 1 °C. All 

the masses of the guillotined samples (20 ± 3 mg) were measured before and after 

extraction and complete drying, by using a Precisa XR 205SM-DR balance with a 

readability of 0.01 mg. 

 

	  
	  

 

	  
	  
	  
	  
	  
	  
	   	  

Fig. 10. Plaque of an EPDM cable transit seal guillotined to 0.5 ± 0.1 mm 
slices for extraction in n-heptane. 
 



 27 

Extraction profiles for γ-irradiated EPDM cable transit seals. 

γ-irradiated EPDM cable transit seals, with the dimensions, 30 x 6 x 6 (mm)3, were cut at 

the centre of the blocks,  into 3.0 ± 0.1 mm slices, to yield 6 x 6 x 3 (mm)3 samples.  The 

edges of the slices were subsequently removed in order to eliminate the corner regions 

that had been aged simultaneously along two directions (x and y), giving 6 x 4.5 x 3 

(mm)3 slices. These were then guillotined into 0.5 ± 0.1 mm thick plates, perpendicular 

to the plane of the 3 mm plates, from the surface and up to 3.5 mm into the slice, using a 

home-built setup consisting of a high precision xy-stage, using a 0.35 mm thick blade 

(Swann-Morton Ltd, Sheffield, UK) connected to a chuck. The final guillotined plates 

were 0.5 x 4.5 x 3 (mm)3 in size. The 0.5 mm thick plates were extracted in 20 mL n-

heptane (CAS no. 142-82-5; ≥ 99% purity; WVR GRP Rectapur) at 80 ± 1 °C in a 

ventilated oven (Memmert ULE-600) for 6 h and finally dried to constant mass at 

50 ± 1 °C. The extraction time used was longer than the time (4h) required for full 

extraction. The masses of the samples (10 ± 3 mg) were measured before/after extraction 

and complete drying, by using a Precisa XR 205SM-DR balance with a readability of 

0.01 mg. 

	  

2.5.2 Chemical analysis of extractable components in n-heptane.     

	  
Cable transit seals were cut into pieces of, 8 x 5 x 5 (mm)3, and u-shaped EPDM seals to 

pieces with the following dimensions, 5 x 6 x 6 (mm)3. Samples were placed in 25 ml 

vials containing n-heptane (CAS no. 142-82-5; ≥ 99% purity; WVR GRP Rectapur) and 

placed in ovens (ULE-600 ventilated oven, Memmert GmbH & Co., Germany) for 

80 °C for 6 h (48 h for u-shaped EPDM seals). The EPDM samples were removed from 

the vials, so that only n-heptane and extractable components remained. Thereafter n-

heptane was evaporated by placing the vials (without lids) in ovens at 50 °C for 6 h. The 

remaining fraction in the vials (glyceryl stearate for the EPDM cable transit seals and 

paraffin oil for u-shaped sealant) were analysed by infrared (IR) spectroscopy, using a 

Perkin-Elmer Spotlight 400 FTIR imaging system with a germanium ATR crystal. Data 

were collected with 32 scan per spatial point and a spectral resolution of 1 cm–1. The IR 

spectra were recorded between 750 and 4000 cm–1. Spectrum was subsequently 

compared to reference peaks of common plasticizers used for EPDM [103]. 
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2.6 Nuclear magnetic resonance (NMR) spectroscopy. 
	  

This section describes the method to create a one-dimensional profile with the NMR 

MOUSE for EPDM cable transit seals and u-shaped EPDM seals.   

All NMR measurements were done using the portable NMR-MOUSE (ACT GmbH, 

Germany). The magnet was 130 x 100 x 90 (mm)3 in size and created a magnetic field of 

0.31 T parallel to the measurement surface with a constant gradient of 14 Tm–1 in the 

perpendicular direction. At the working frequency used (13 MHz), the sensitive 

measurement spot had a diameter of ca. 17 mm and was located 10 mm above of the 

sensor surface. The generated sensitive spot had a thickness of ca. 200 μm, by 

employing, a 90º-radiofrequency-pulse length of 5 μs.  

The technique to create one-dimensional profiles is achieved by preparing the samples 

accordingly: EPDM cable transit seals were cut into slices and polished with a polishing 

machine (Knuth rotor, Struers, Denmark) to obtain a thickness of 3.0 ± 0.1 mm. The 

edges of the slices were removed in order to eliminate the region that had been aged 

along two directions (x and y) at the corners.   

For the u-shaped EPDM seals, sample cuboids were prepared (40 x 3 x 6 mm3) and 

before the NMR experiments, 1.5 mm of the sample edges was removed, in order to 

remove the corner regions that had been aged along two directions (x and y).  

Profiles were recorded in steps of 250 μm for both materials, by displacing the whole 

sample relative to the magnet using a micrometre clock with an accuracy of 5 μm. 

A portable NMR console from Magritek recorded the 1H NMR signal from the Carr-

Purcell-Meiboom-Gill (CPMG) pulse sequence [104], using a echo-delay of 80 μs. 

300 scans with a repetition time of 400 ms were taken at each depth; the analysis of the 

CPMG decay was assessed by fitting the following equation to the experimental data 

[99]: 

A(τ ) = Aexp − τ
T2

⎛
⎝⎜

⎞
⎠⎟
+C0  (2)

 
 

where A(τ) represents the signal intensity at the echo time τ, A is the signal at time zero 

and T2 is the transverse relaxation time relating to the relatively rigid polymer matrix and 

C0 is an offset parameter which takes into account the contributions from a slower 

relaxation process due to mobile additives.  
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2.7 Compression set (CSR) 
	  
U-shaped EPDM seals were cut into cuboids and polished with a polishing machine 

(Knuth rotor, Struers, Denmark) to the dimensions 50 x 6 x 6 (mm)3. Compression set 

measurements was performed according to ASTM D395–03 on cuboid samples γ-

irradiated in air and water. The compression set testing device consisted of two plates 

(5 x 70 x 38 mm3) with several holes (allowing water to come into contact with all sides 

of the seal) and several spacers (thickness = 3.90 ± 0.01 mm, 4.50 ± 0.01 mm and 5.10 

± 0.01 mm) made of EN 1.4436 stainless steel. Four cuboid samples were placed in 

between the two plates and compressed to 15, 25 or 35 % strain. After irradiation, the 

samples were removed from the device and allowed to rest for 30 min at 23 ± 1 °C. The 

compression set (CS) was calculated according to the following equation: 

CS = h0 − h1

h0 − hs
 x 100       (3) 

where CS is the compression set in %, h0 and h1 are the initial and final sample 

thicknesses, respectively, and hs is the spacer thickness. A Mitutoyo micrometre with a 

resolution of 0.01 mm was used to determine the thicknesses.  

2.8 Water uptake 
	  
The water uptakes tests for unaged and irradiated samples were made for the U-shaped 

EPDM seals. Samples were cut into 5 x 6 x 6 (mm)3 cuboid samples. Samples were 

placed into 15 mL vials containing distilled water and were positioned in a ULE-600 

ventilated oven (volume = 256 L; Memmert GmbH & Co., Germany) at 50 ± 1 °C for up 

to 4 weeks. Thereafter the masses of the samples (30 ± 3 mg), before (m1) and after 

immersion (m2), were determined using a Precisa XR 205SM-DR balance with a 

precision of 0.01 mg. The water uptake was calculated according to: Δm/m0=(m2-m1)/m1 

[105].  

2.9 Thermaogravimetric analysis (TGA) 
	  
Thermogravimetric analysis (TGA) was used to determine the compositions of the 

EPDM cable transit seals and u-shaped EPDM seals.  
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2.9.1 Composition analysis of EPDM cable transit seals.  
 
Thermogravimetric analysis (TGA) was made with a Mettler Toledo TGA 851e and 

samples with the masses, 15 ± 2 mg, were placed in 70 μl aluminium-oxide crucibles. 

Heating was performed from 30 °C up to 600 °C at 10 °C min-1 under nitrogen flow of 

50 ml min-1, thereafter the samples were heated up to 800 °C at 10 °C min-1 under 

oxygen flow of 50 ml min-1. Volatile components could be established from the weight 

loss below 300 °C and the EPDM content was observed between 310 °C to 465 °C. 

Decomposition of calcium carbonate (CaCO3) into Calcium oxide (CaO) and carbon 

dioxide (CO2) [106], could be observed at 510 °C, when shifting to oxygen flow at 

600°C. The remaining residues after thermogravimetric analysis (TGA) were analysed 

by inductively coupled plasma atomic emission spectroscopy (ICP-AES, analysis 

performed by Eurofins AB, Sweden). ICP-AES showed presence of Aluminium (Al), 

Calcium (Ca), Magnesium (Mg), sulphur (S) and Zinc (Zn). Results from the 

composition analysis were compared to the patent “Self-lubricating packing piece” by 

MCT Brattberg AB, Sweden [100].  

 
TGA/IST/GC-MS analysis was performed on EPDM cable transit seals and glycerly 

stearate (major extractable component in n-heptane).  TGA/IST/GM-MS consists of the 

following configuration: TGA/DSC 3+ (Mettler Toledo, Switzerland) connected to an 

Agilent 7890B GC / 5977A MS, through a gas storage unit IST 16 (SRA, France).  

15 ± 0.2 mg of glycerly stearate (Sigma Aldrich, CAS No: 555–41–1) and 30 ± 0.2 mg 

of rubber were placed in 70 µL alumina crucibles. The method consisted of a heating 

from 25 °C to 170 °C at 10 K/min followed by an isotherm at 170 °C for 5 hours. 

Nitrogen and air was used as protective and reactive gas at 20 mL/min and 50 mL/min 

flow rate, respectively. 

The GC inlet temperature was 280 °C using a split of 5:1. The oven program was: 50 °C 

for 10 min followed by a heating at 10 °C/min to 300 °C and an isotherm for 10 min at 

300 °C. The column was an HP-5 ms of 60 m x 0.32 mm x 0.25 µm. The column flow 

was 0.8 mL/min. Scan mode from m/z 33 to m/z 300 and an EMV gain of 1 was used 

for the MS detector. The IST interface transfer lines and oven temperatures was set to 

250 °C. Gas storage times were set according to table 1. 
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Table 1: Storage loop numbers at the selected times 
 

IST16 
Loop  

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Time 
in s. 

1130 2130 3130 4130 5130 6130 7130 8130 9130 10130 11130 12130 13130 14130 15130 

 
After collection of the last loop, the stored gas aliquots have been automatically injected 

one by one into the GC. The compounds were separated by the GC column then 

detected by the MS and identified using the NIST/EPA/NIH mass spectral library 2011. 

 
2.9.2 Composition analysis of u-shaped EPDM seals.  
 
TGA was used to determine the composition of the u-shaped EPDM seals. 10 ± 2 mg of 

samples were placed in 70 μl aluminium-oxide crucibles and tested with a Mettler 

Toledo TGA 851e (Switzerland). Samples were heated from 30 °C up to 600 °C at 

10 °C min-1 under nitrogen flow of 50 ml min-1, thereafter the samples were heated up to 

800 °C under oxygen flow of 50 ml min-1. The degradation of the different components 

in the sample could be calculated accordingly; volatile components could be established 

from the weight loss below 318 °C. EPDM content was observed between 320 °C to 

465 °C, carbon black content was observed when shifting to oxygen (600°C). An 

additional degradation curve could be observed at 510 °C, signifying the calcium 

carbonate (CaCO3) transformation to calcium oxide, CaCO [106]. The ash content was 

measured as the remaining weight fraction after the TGA incineration process; the 

remaining ash was also evaluated with scanning electron microscopy coupled to energy 

dispersive spectroscopy (SEM–EDS), which showed traits of calcium (Ca), sulphur (S), 

Zinc (Zn) and Magnesium (Mg).  

2.10 Scanning electron microscopy (SEM) 
	  
Unaged and γ-irradiated samples of u-shaped EPDM seals were cooled in liquid 

nitrogen and then broken by hand. The fracture surfaces were examined in a field-

emission scanning electron microscope (SEM) Hitachi S-4800 after being coated with a 

conductive layer of Pt/Pd (60/40) by a 30 s sputtering using a current of 80mA in a 

Cressington 208RH. The micrographs were taken at an acceleration voltage of 5 kV and 

a current of 10 μA. The energy dispersive X-ray spectroscopy (EDS) spectra, taken on 

ash from TGA incineration; were acquired by an Oxford Instruments X-MaxN 80 EDS 

coupled with the scanning electron microscope.   
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3. Theory 
	  

3.1 Modelling of plasticizer migration 
	  
The second law of thermodynamics stipulates that all possible processes occurring in a 

closed system give rise to an increase in entropy or do not affect the entropy of the 

system. Additionally, it is well known that thermally induced motions of particles in a 

system tend to distribute particles in the system, which leads toward a maximum entropy 

state. This entropy-driven process is also referred to as diffusion, which disperses the 

particles of the system. This process can be explained by considering a vessel which 

contains two different type of molecules A and B. Initially, the molecules are divided 

into separate groups (see Fig. 11a), and no mixing occurs between them. As time 

elapses, the thermal motions between the molecules A and B will promote mixing 

between the molecules (see Fig. 11b), which will continue until complete mixing has 

occurred. The process of mixing of the two molecules, from their initial stage when 

separated until achieving complete mixing, can be regarded as a diffusion process. 

Furthermore, the complete mixing of A and B yields a higher entropy (degree of 

disorder) in the system than their separated states because the mixed state corresponds to 

a larger number of configurations than the separated state.  

	  
 

 

  

Fig. 11. Diffusion of molecules A (filled circles) and B (unfilled circles). The initial 
condition in the system is shown in a). Then, b) shows the mixing process of the two 
molecules. The completed mixing of the molecules can be seen in c). 
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The diffusion between different molecules can be quantified by considering the rate of 

transfer per unit area of a section. Fick stated that the flow F (length2 time-1) of a solute 

molecule through a unit cross-section of a material is proportional to the concentration 

gradient (length-3) of the solute in the direction of interest, i.e., the x-direction of the 

section [107] . This relationship is called Fick’s first law of diffusion: 

 	  

F = −D ∂C
∂x      

(4)	  

  
 

where C is the concentration of the solute, and D (diffusion coefficient) is a constant that 

determines the rate at which the solute moves through the section. The diffusion 

coefficient is dependent on temperature (thermal motion), and the negative sign of the 

equation implies the transfer of a substance from a region with higher concentration to a 

region with lower concentration. Additionally, Fick’s first law can be used to derive the 

increase in concentration or mass uptake within a material as function of time (Fick’s 

second law). The equation for one-dimensional diffusion (for a plate geometry) can be 

defined as follows [107]: 

∂C
∂t

= D ∂2C
∂x2      

(5) 

 

   

where t is the time. There are several ways to solve Fick’s second law of diffusion, e.g., 

analytical solutions can be derived to describe different geometries, boundary conditions 

and initial conditions. In circumstances where there is no reasonable analytical solution, 

i.e., when the diffusion coefficient is not constant, Fick’s second law of diffusion can be 

solved numerically. 
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This work involves concentration profiles in samples with geometries corresponding to 

plain sheets. Fick’s second law for a plate geometry is as follows [107]: 

 

                                 
(6) 

 

where C is the penetrant concentration given in g cm-3. To solve the diffusion equation, a 

boundary and initial condition must be formulated. The boundary model can be regarded 

as a model for the transfer of the diffusing substance through the surface of the sample. 

If it is assumed that the rate of transfer through the surface is governed by evaporation, it 

is possible to consider only half of the plate thickness, and the inner boundary condition 

can be regarded as an isolated point [107]: 

 

∂C
∂x

⎛
⎝⎜

⎞
⎠⎟ x=L

=  0
     

(7) 

 

The desorption and evaporation occurring at the sample surface are described as follows: 

 

D(C) ∂C
∂x

⎡
⎣⎢

⎤
⎦⎥x=0

= F0C
    

(8) 

 

where F0 is the evaporation constant (cm s-1). The concentration-dependent diffusivity 

(D(C)) is expressed as follows: 

 

D(C) =  constant      (9) 

 

In this work, diffusion profiles have been calculated using the abovementioned boundary 

conditions. By assuming a constant concentration in the sample as an initial condition, 

the diffusion coefficient depends only on the temperature. Moreover, the initial 

conditions in this study are based on experimental profiles that are too complex to be 

analytically tractable. Consequently, a numerical solution called the multi-step 

backwards differentiation method has been utilized. 

  

∂C
∂t

= ∂
∂x

D(C) ∂C
∂x

⎛
⎝⎜

⎞
⎠⎟
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3.2 Nuclear magnetic resonance (NMR) spectroscopy. 
	  
Nuclear magnetic resonance spectroscopy (NMR) is a very powerful and sensitive 

technique that can be used in various application areas to study molecular structures and 

investigate molecular dynamics. NMR allows quantitative and qualitative measurements 

on a molecular basis with high selectivity [108]. In 1938, Isidor Rabi was among the 

pioneers describing and using NMR in molecular beams [109]. In the following years, 

extensive research was performed in the field of NMR. Felix Bloch and Edward Mills 

Purcell were able to develop the technique for use in liquids and solids. Purcell et al. 

studied the magnetic resonance absorption of protons in solid paraffin samples [110], 

and Bloch et al. investigated nuclear induction from a water-based sample [111]. Both 

teams used techniques that were based on sweeping radio frequencies (rf field) or a 

magnetic field, a technique that became known as continuous wave (cw) NMR. In 1950, 

Erwin Hahn introduced a different approach: instead of applying a continuous rf 

excitation, short pulses with discrete frequencies were used, and the precession of the 

induced magnetic moment after the pulse had been switched off was recorded, a method 

which is today called pulsed NMR. The ability to record and enhance NMR spectra was 

introduced in 1966 by Ernst and Anderson [112] based on free induction decay, FID 

[112]. By employing the FID transformation, NMR spectra could be obtained much 

faster and more efficiently. In current science involving NMR, various pulse methods 

are used, and the transformation of the resulting FID is the standard procedure when 

using NMR.  

3.2.1 Basic principles of NMR  

In NMR spectroscopy, nuclear spin is a fundamental property that is used to acquire 

information about the system under investigation. In 1924, Pauli proposed the existence 

of nuclear spins [113] , which are quantized and can have the following magnitudes:  

I = 0,1 / 2,1,3 / 2,2,...     (10) 

Assuming that a nucleus lies in a magnetic field, the nucleus will have the ability to 

adopt (2I+1) orientations. The different orientations are represented by the magnetic 

quantum number, m. When protons and neutrons adopt the orientation I = ½, they can 

take two spin states, which in a magnetic field are separated from each other by an 

energy difference ∆E. The nucleus has the ability to jump between states if it absorbs or 

emits electromagnetic energy at a frequency that fulfils the resonance conditions:  



 36 

v = ΔE
h

     (11) 

where h is the Planck constant. The nuclear spin can be expressed as a magnetic 

moment, which is proportional to the gyro magnetic ratio, γ, of a nucleus and the nuclear 

-spin I: 

                                                µ = γ I      (12) 

The magnitude of the spin angular momentum is 

 
 
Itot =

!
2π

I(I +1)     (13) 

When no magnetic field is present, spin alignments are randomly scattered because their 

energy is the same for all directions. The energy of a magnetic moment in an external 

magnetic field can be described as follows: 

 E = −µ × B      (14) 

In a strong magnetic field, the quantization will lie in the same direction as the magnetic 

field. Assuming that the magnetic field is oriented in the z-direction, equation (14) can 

be expressed as follows:  

E = −µz × B      (15) 

Equation (15) can be rearranged by inserting µz = γIz and Iz = mħ: 

  E = −m!γ B      (16) 

While only transitions between neighbouring energy levels are allowed, Δm = ±1, 

equation (16) can be rearranged as follows: 

 ΔE = !γ B      (17) 

If equation (17) is substituted into (11), where ħ = h/2π, the following expression is 

obtained for the Larmor frequency, v: 

                                  v = γ B
2π

     (18) 

The Larmor frequency, v, is proportional to the size of the nuclear magnetic moment and 

to the strength of the magnetic field. The Larmor frequency will describe the precession 

of the magnetic moment of an object about an external magnetic field. Thus, in a 
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magnetic field, the surroundings of a nucleus will affect the local magnetic field. 

Consequently, the resonance frequency is not the same for all nuclei, since the electron 

density near the nucleus is different for different species. This dissimilarity in frequency 

is called the chemical shift. Therefore, due to the existence of the chemical shift, the 

frequencies of two atoms within the same compound will not be the same, which 

enables the use of NMR for identifying chemical structures and compounds. 

In a static magnetic field (B0), the energy of the magnetic quantum number, m = +1/2 

state is lower than that of the counterpart m = -1/2 state. Because there is an energy 

difference between the two states, a small difference between the populations of nuclei 

in those two states will occur; there will be a surplus of the orientations with the lowest 

energy. As each spin contribute individually to the total magnetization by ±mħγ with 

population difference Δn, the sample will have a net nuclear magnetization, M, along 

the direction of the z-axis. 

 
M 0 =

1
2
!γΔn       (19) 

By applying a small radio frequency field B1 with the frequency ωrf, the magnetization 

M can be rotated away from the z-axis with the angular frequency ω1 = γB1; the 

magnetization M thus ends in the xy-plane. Accordingly, M will precess around B0 with 

the frequency ω0: 

ω 0 = γ B0      (20) 

Another approach to observe this phenomenon is the use of the rotating frame, which 

means that the observer is also rotating with the radio frequency. Thus, everything that 

rotates with ωrf will be static. As mentioned, in the B0 field, M would precess around B0 

according to equation (20), but in the rotating frame, the precession frequency can be 

expressed as follows:  

Ω =  ω 0 −  ω rf     (21) 

The rotating frame provides an easier approach to describe how B1 can rotate M away 

from its equilibrium value. The rest of the theoretical discussion of NMR will be based 

on the rotating frame. 
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3.2.2 Pulses 

When a nucleus is in an equilibrium state, no radiation is emitted. To acquire a signal, 

radiofrequency pulses are applied to push the system from its equilibrium state. The 

pulses employed in NMR consist of short, intense monochromatic radiofrequency 

radiation, and when a suitable transmitter frequency ωrf close to the resonance frequency 

ω0 is applied, the nuclei will sense only a magnetic field B1, which, according to the 

rotating frame, will be perpendicular to the z-direction. Therefore, in the rotating frame, 

the magnetization will then precess around B1. Consequently, the pulse will change the 

direction of the magnetization. If the precession frequency is ω1, and the RF field is 

applied during a time tp, then the angle (β) by which the magnetization has been rotated 

is as follows: 

β =ωt  or  β = γ B1t p     (22) 

where β is called the flip angle of the pulse. The most common pulses used are the 90° 

(π/2) and the 180° (π) pulses, which turn the magnetization by the angle indicated by the 

name. A 180° pulse will invert the magnetization opposite to its equilibrium state. After 

the 180° pulse, the magnetization will return to its equilibrium position by a process 

called longitudinal relaxation. A 90 ° pulse will invert the magnetization in the xy-plane, 

and its return to its equilibrium position will be called horizontal relaxation. The NMR 

signal can be detected via the voltage generated over the receiver coil in which the 

magnetization precesses. 

3.2.3 Relaxation 

Spin relaxation is the process by which the bulk magnetization returns to its equilibrium 

position. Employing a 90° pulse will turn the magnetization to the xy-plane. However, 

all spins will not point in the direction of the y-axis: due to the Boltzmann distribution, 

the spins are instead almost evenly distributed in the xy-plane. However, a small portion 

of the spins will possess a positive y-component of magnetization, while a smaller 

portion will possess a negative y-component. This correlation of phases is referred to as 

coherence. After applying a 90° pulse, the magnetization, M, can be divided into two 

separate processes: magnetization will in part strive to return to the positive z-axis, while 

at the same time, M is also precessing around the z-axis in the xy-plane. As time 

progresses, the coherence will decrease, and the spins will precess with different 

frequencies causing M to decrease in magnitude and finally to reach zero in the xy plane. 
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Thus, two different types of relaxation exist: the longitudinal relaxation along the z-axis 

and the transverse relaxation in the xy plane [114]. Both of these relaxations are usually 

progressing exponentially and can be described by the parameters T1 and T2, where T1 

refers to the longitudinal (or spin-lattice) relaxation and T2 to the transverse (or spin-spin 

relaxation) relaxation time. By taking the inverse of the relaxation times, the relaxation 

rates can be obtained: 

Rx =
1
Tx

      (23) 

where x is either 1 or 2.  

3.2.4 Measuring transverse relaxation time 

	  
Spin relaxations can process at different frequencies due to two reasons; (i) the effect of 

the local electronic environment and (ii) the spatial inhomogeneity of the static magnetic 

field. The first effect is beneficial, as it can provide NMR with the capability to achieve 

chemical selectivity. The second effect causes inhomogeneity of the magnetic field, 

resulting in line broadening and the loss of spectral resolution. However, this process 

can be compensated for by using the spin-echo pulse sequences, which can cancel the 

dephasing caused by inhomogeneity of the static field. The spin-echo pulse sequence is 

shown in Fig. 12 and can be used determine the transverse relaxation time, T2. The pulse 

sequence consists of a 90°x pulse, delay time (τ), 180°x pulse, and delay time (τ). 

 

 

 

 

 

 

 

The 90°x pulse will turn the magnetization to the xy-plane (see Fig. 13), and thereafter 

the spins precess with different speeds in the xy-plane, which will cause the net 

transverse magnetization to go to zero. The 180° pulse will push the magnetization 180° 

around the x-axis to the symmetrical position in the xy-plane. Following the delay time, 

τ, the spins will be refocused and generate a spin-echo. To measure T2, several different 

Fig.12. spin-echo sequence for measuring T2  [108]. 
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delay times are chosen to map the decay of the signal according to the following 

equation: 

    I(τ ) = I(0)e
−2τ
T2     (24) 

 

	   	  
 

 

 

 

 

Another common pulse sequence for measuring T2 is the Carr-Purcell-Meiboom-Gill 

(CPMG) pulse sequence [104, 115]. The CPMG sequence consists of a spin-echo 

sequence followed by a series of 180 ° pulses: 90°x-τ-180°y-2τ-180°y-2τ… The first 

part of the experiment is similar to the spin-echo. The delay time 2τ after the 180°y pulse 

can be divided into two parts: during the first delay time, τ, a spin echo is created, and 

during the second τ period, the spins are dephased. This process is repeated several 

times, and every 180°y pulse creates a spin-echo that will appear at half the interval 

between the 180°y pulses. 

 

 

 

Fig. 13. Evolution of the magnetization after the spin-echo sequence. (a) The average 
magnetic moment of the protons is in the vertical magnetic field (z-direction), spinning on 
their long axis. (b) 90° pulse is applied which flips the magnetic moment in the xy-plane. 
Due to local magnetic inhomogeneities, some spins slow down due to lower field 
strengths (they trail behind), while others processes faster. This causes the signal to 
decay. (c-d) 180° pulse is applied which causes the slower spins to lead ahead of the 
main moment and the faster ones to trail behind. (e-f) Gradually the fast moments catch 
up with the main moment and the slow moment drifts back towards the main moment. 
Complete refocusing occurs and at this moment an accurate T2 echo can be measured.   
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3.2.6 Low and high field NMR.  

	  
Portable NMR has a great advantage over stationary or high-field NMR, as it enables in-

situ analysis and allows the user to study non-removable objects. The magnetic field of a 

stationary NMR is a so-called “inward field”, where the sample is placed inside the 

detector, which limits the sample size to be studied. In a portable NMR, the magnetic 

field is an “outward field”, which makes it possible to place samples outside the sensor. 

The detection area or the sensitive volume/spot can be 1–20 mm outside of the detector 

surface, which means that the analysis is not limited to the surface of the object.  

A high-field NMR can have magnetic field strengths in the range of 16–18 T, while the 

portable NMR is limited to 0.5 T. Consequently, the low magnetic field strength will 

limit the resolution of the portable NMR, which prevents chemical shifts from being 

distinguished. This limitation restricts the utility of portable NMR for identifying 

different compounds. On the other hand, the content of a substance containing hydrogen 

can be detected by measuring relaxation times, which has proven to be useful for various 

applications, e.g., measuring the moisture content in wood panels and claddings [116].  

 

3.2.6 The NMR MOUSE 

	  
The NMR-MOUSE is a small stray-field sensor with a U-shaped geometry. Magnet 

blocks with anti-parallel polarization are arranged on steel support [95] (Figs. 14–15) to 

create a magnetic field layer, B0, which is parallel to the surface (sensitive volume). A 

radio frequency (rf) coil is built inside the magnet, in the gaps between magnet blocks, 

which generates an anti-parallel magnetic field, B1. This magnetic field will be 

responsible for the excitation of the 1H protons to acquire the NMR signal. Due to the 

unilateral design of the device, low and inhomogeneous magnetic fields will be 

employed whose different volume elements in the sample will complicate measurement 

by the direct impulse response (Free Induction Decay), as it vanishes too rapidly after 

undergoing rf excitation [117]. Therefore, the signal must be recorded as quickly as 

possible after applying an rf excitation pulse. Rapid recording can be achieved by using 

echo techniques, e.g., CPMG, to recover the NMR signal decay [95]. 
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As mentioned earlier, NMR is a strong and versatile characterization technique that can 

identify different molecular environments and, in conjunction with relaxation, be 

utilized to study molecular motions on the NMR time scale of kHz to MHz. In cases of 

rubber ageing, processes occur that change the molecular environment and the molecular 

motions of the polymer chains, attributed to increased crosslinking, chain scission or the 

occurrence of degradation products. These molecular changes can be easily detected and 

accurately characterized by high-field NMR equipment [118, 119], while the bulk 

average motional changes can be investigated by low-field NMR equipment, such as the 

NMR-MOUSE [92, 93, 120]. Information about the molecular motions can be acquired 

from the transverse (spin-spin) relaxation of 1H, which means observing the time it takes 

for the protons to diphase after being pulsed.  

  

Fig. 14. The magnet design of the NMR-MOUSE: four permanent magnets 
are positioned on a steel support. A radiofrequency (rf) coil is mounted in the 
gaps between the magnets to generate the B1 rf-field and to acquire the NMR 
signal. The magnet is designed to generate a flat sensitive volume above its 
surface [97].  
	  

Fig. 15. A typical lift construction for the NMR MOUSE. The lift is used to 
position the sensitive volume across the sample with a precision of 10 μm. 
The sample to be investigated is placed on top of plate A, which is parallel to 
the movable plate B, where the sensor is installed. By this approach, the 
surface of an object can be precisely aligned with the flat sensitive slice [97].  
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However, the NMR-MOUSE has a lower signal-to-noise ratio than high-field NMR 

sensors (due to the low field strength of the MOUSE), which makes it impossible to 

detect a 13C signal, as the noise is too high. This limitation will prevent the MOUSE 

from yielding a chemical spectrum. However, it is well suited to measuring relaxation, 

since 1H protons are almost 100 % abundant and have a comparatively high 

gyromagnetic ratio, which will therefore strongly improve the signal-to-noise ratio. With 

the NMR-MOUSE, the 1H signal can be recorded using the Carr-Purcell-Meiboom-Gill 

(CPMG) pulse sequence [97], and the decay curve obtained (Fig. 16) can be assessed by 

fitting a single exponential function [99]: 

A(τ ) = Aexp − τ
T2

⎛
⎝⎜

⎞
⎠⎟
+C0  (25) 

 

where A(τ) represents the signal intensity at the echo time τ, A is the signal at time zero 

and T2 is the transverse relaxation time relating to the relatively rigid polymer matrix and 

C0 is an offset parameter which takes into account the contributions from a slower 

relaxation process due to mobile additives.  In the range of the relatively short echo 

times, this contribution, however, can be approximated by a small constant term. Since 

our primary objective was the detecting the changing in the polymer relaxation; the 

offset term was not globally evaluated. Within the experimental signal/noise ratio and 

measured echo times, the data was well fitted with the mono-exponential fit.  

 

 
 

 
Fig. 16. Decay curve for an EPDM cable transit seal, fitted with a single 
exponential function. 
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4. Results and discussion 
	  
The results and discussion have been divided into two sections covering thermal ageing 

effects on EPDM (papers I and II) and γ-irradiation effects on EDPM (papers III and 

IV).   

4.1 Thermal ageing of EPDM rubber.  
	  

4.1.1 Thermo-oxidative profiling of EPDM   
	  
 A useful and powerful method for quantifying polymer oxidation is infrared (IR) 

spectroscopy [76, 77]. Fig. 17 shows the infrared (IR) spectra for an unaged EPDM 

cable transit seal and a sample aged for 100 h at 170 °C. For aged samples, there is an 

increase in intensity in the regions 1695–1750 cm–1, which may be related to an increase 

in the oxidation of the sample, as most carbonyl groups such as aldehydes, ketones and 

carboxylic acids have their stretching modes in this region [51, 52, 87]. The degree of 

oxidation can be established by determining the area under the carbonyl peak (blue 

coloured area between 1690–1760 cm–1) and normalizing this region relative to an 

internal reference peak that remains unaffected by the ageing. In this case, the 

aluminium trihydrate band at 800 cm–1 was chosen for the EPDM cable transit seals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Infrared spectra of an unaged EPDM cable transit seal (bottom). The inset 
figure shows a magnification of the carbonyl region (blue). Also seen is a spectrum 
for a sample (surface sample) aged at 170 °C for 100 h (top). The internal reference 
peak appears at 760–820 cm–1 (grey). 
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Fig. 18 shows the carbonyl index (CI) profiles for EPDM cable transit seals aged at 

170 °C for 100 h. The CI profile of the unaged sample was flat at a carbonyl index value 

of 0.02, which suggested that this carbonyl absorbance did not occur due to polymer 

oxidation (Fig. 18). This result is anticipated to be due to the presence of carbonyl-

containing additives in the polymer compound, i.e., stearate. Therefore, the degree of 

polymer oxidation can be expressed as a reduced carbonyl index value (CIr), given by 

the following: 

CIr = CI −CI(t = 0)  (26) 

 

where CI is the actual carbonyl index value, and CI (t = 0) is the carbonyl index of the 

unaged sample (average value of the profile). Fig. 18 shows that the oxidation is 

confined to the surfaces regions of the sample, leaving the interior (x = 2 mm) of the 

samples unaffected. This behaviour reflects typical trends of diffusion-limited oxidation 

(DLO) (see section 1.4.3). For longer ageing times, the oxidation propagates further into 

the sample, e.g., 0.5 mm after 10 h, 1 mm after 60 h and 1.5 mm after 100 h. The inset in 

Fig. 18 shows the increase in the reduced carbonyl index, CIr, for various depths as a 

function of the ageing time. 

 

  

 

  

Fig. 18. Carbonyl index (CI) profiles for EPDM cable transit seals aged at 170 °C. 
Inset plot shows the change in the reduced carbonyl index (CIr) as a function of the 
ageing time (t) for different depths. 
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Fig. 19 shows the reduced carbonyl index (CIr) for EPDM cable transit seals aged at 

170 °C and 110 °C. For samples aged at 170 °C, the effects of oxidation are more 

pronounced, which is reflected in the high CIr values at the surface. Also observed is the 

propagation of oxidation further into the sample cross-section for longer ageing times, 

e.g., x = 1 mm and x = 1.5 mm for 60 h and 100 h, respectively. Despite the strong 

oxidation at the surface regimes, the bulk of the sample remains unaffected, which 

signifies the occurrence of DLO. Furthermore, for lower temperatures, e.g., 110 °C, the 

reduced carbonyl index (CIr) intensities at the surface decrease, and the oxidation 

spreads much further inside the sample, e.g., x = 2.5 mm for 6800 h. This behaviour can 

be attributed to the fact that more oxygen will be able to diffuse into the material and 

oxidize the sample at lower temperatures.  

 

 

 
 
 
 
 
 
 
  

Fig. 19. (a) Reduced carbonyl index CIr profiles for EPDM cable transit seals aged at 
170 °C and (b) 110 °C. The Inset plots shows magnifications of the area close to the 
surface, for samples aged at lower ageing times.  
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4.1.2 Mechanical properties of EPDM cable transit seals   
	  
To evaluate possible heterogeneities and hardening mechanisms, a micro-indenter is 

used to assess the stiffness profile of the aged EPDM cable transit seals. These 

evaluations, together with CI profiles, can provide fundamental insight into how the 

increase in modulus during thermal ageing is related to the chemical changes occurring 

in the material [69]. Fig. 20 shows micro-indenter profiles for EPDM cable transit seals 

aged at 170 °C and 110 °C. The samples were cut into slices, and the indenter modulus 

(Ei) was measured from the sample surface inwards up to 5 mm. 

 

 

 

 

The unaged samples show a flat profile with a constant Ei = 1.95 N (mm)-1, while the 

aged samples for 170 °C (see Fig. 20a) display profiles in which the indenter modulus, 

Ei, is highest for the surface regions (x = 0–0.25 mm for 100 h) and gradually decreases 

and flattens out in the central regions of the sample (x = 2–5 mm, for 100 h ageing). This 

behaviour is very similar to the trend observed in the CIr profiles (see Fig. 19a), which 

showed the occurrence of diffusion-limited oxidation (DLO). At lower temperatures 

such as 110 °C, the profile is more uniform throughout the cross-sections (see Fig. 20b). 

Fig. 20. Indenter modulus profiles for EPDM cable transit seals aged at (a) 170 °C 
and (b) 110 °C. Samples were profiled from the surface (x = 0) up to 5 mm inside 
the slice cross-sections.  
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As the thermal ageing proceeds for longer periods, the indenter modulus begins to 

increase in the surface region, observed as a small gradient from the surface. This 

signifies that DLO effects are also present at these lower ageing temperatures. However, 

comparing the two profiles (Figs. 20a, b) shows that the overall indenter modulus 

through the sample cross-sections increases for lower temperatures, while the modulus 

profile for 170 °C is strongly diffusion limited. Furthermore, these two profiles show 

characteristic features that are different from the CIr -profiles. The thickness of the parts 

showing gradients in Ei is greater than that of the oxidized layer (cf. Fig. 19 and 20). 

Additionally, the hardness of the central parts (x > 2.5 mm) shows Ei -values that 

increase with ageing time. However, the CI-profiles at the corresponding depths (x > 2.5 

mm) show no traits of oxidation, which suggests that there is another prevailing effect in 

addition to thermal oxidation, which contributes to the modulus increase in the central 

regimes of the samples. This point will be further discussed in section 4.1.6, Separation 

of thermal ageing effects. 

 

4.1.3 NMR profiling of EPDM cable transit seals. 
 

Fig. 21 shows NMR depth profiles measured with the NMR-MOUSE on EPDM cable 

transit seals thermally aged in air at 170 and 110 °C. The method is non-invasive and 

can record T2 up to the depth of 5 mm. The unaged samples showed a flat profile with T2 

= 1.55 ms, while the aged samples showed smaller relaxation times, which is consistent 

with previous findings [121]. The relaxation times measured with the NMR-MOUSE 

can be seen as an indication of the molecular mobility in the samples after undergoing 

ageing [122]. The mobility of a polymer network is sensitive to changes in the 

surrounding environment, e.g., crosslinking, scission and loss of plasticizer in the 

polymer network. Thus, the transverse relaxation times become shorter if a polymer 

network is crosslinked, which makes the material less mobile and more brittle.  

In general, the NMR profiles show similar trends to the indenter modulus profiles (cf. 

Figs. 20 and 21). At 170 °C the relaxation times begin to become shorter at the sample 

surface (x = 0 mm), especially for longer ageing times, while the T2 in the centre is less 

affected (T2 = 1.12 ms at x = 0 mm and 1.42 ms at x = 4.00 mm for 170 °C at 100 h) 

These observations show that the effects of DLO, previously shown by infrared 

spectroscopy and the indenter modulus, can be seen in the NMR profile.  
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For samples undergoing ageing at lower temperatures, 110 °C, T2 is reduced uniformly 

through the sample cross-section, and the relaxation times become short for longer 

ageing times. Furthermore, comparing the CI –and NMR profiles for 170 °C (cf. Figs. 

19a and 21a) highlights that the NMR profiles have an outer region with much shorter 

T2, typically having a thickness between 2–3 mm. This thickness is much greater than 

that of the oxidized layer observed in the CI-profiles, which suggests that not only 

polymer oxidation but also other degradation mechanisms influence the T2 relaxations. 

Another feature that can be observed for the T2 profiles taken at 170 °C and 110 °C is 

the increase in relaxation in the central regions of the sample (x > 3 mm). The 

corresponding CI-profiles showed no traits of oxidation in these regions; consequently, 

this finding suggests that there should be other influencing mechanisms changing the 

molecular environment in the sample and influencing the measured T2 (see discussion in 

section 4.1.6, separation of thermal ageing effects). 

 

 

 

 

  

Fig. 21. NMR relaxation times for EPDM cable transit seals, plotted as a function of 
distance from the surface (x = 0). Sample were thermally aged at (a) 170 °C and (b) 
110 °C 



 50 

4.1.4 Lifetime prediction of EPDM cable transit seals.  
 

Fig. 22 shows the ageing performance of the EPDM rubber samples by using classical 

testing methods: strain-at-break (εb) and indenter modulus (Ei) of the surface of the aged 

EPDM cable transit seal samples. For the surface indentation, a larger probe was used 

(see section 2.3.2). Interestingly, the data acquired for the different ageing temperatures, 

showed similar curve shapes in the linear property-log ageing time diagrams. Thus, data 

could be shifted along the x-axis to achieve a high degree of overlap. The obtained 

master curves are not shown, although the scatter among the different isothermal data 

points after the shifts was small. The reference temperature for the shifting was chosen 

to be 150 °C; thus, for shifting from higher temperatures (170 °C), the data were shifted 

to longer times (log aT > 0), and the opposite was performed at 110 and 120 °C, where 

the data were shifted to shorter times (log aT < 0). The inset plots show the 

corresponding Arrhenius diagrams, where log aT has been plotted relative to the 

reciprocal temperature. The shift factors show perfect agreement with the Arrhenius law, 

and the slopes between the two methods yield activation energies (Ea) values close to 

110 kJ mol–1 (1.14 eV). It might appear that the deterioration mechanism is simple in 

nature, with a precise activation energy, and that the same mechanism prevails over the 

entire temperature range studied, 110–170 °C. However, in section 4.1.5, a more 

detailed discussion will be presented, which shows that the changes in these properties 

occur by three principally different processes: polymer oxidation, the migration of low-

molar-mass extractable species to the surroundings, and anaerobic changes in the 

polymer network.  
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4.1.5 Separation of ageing effects in EPDM cable transit seals. 
 

Fig. 23 shows the mass fraction of extractable components in n-heptane remaining after 

ageing at 170 °C and 110 °C. The profiles show the extractable content as a function of 

distance into the sample. The unaged sample shows a flat profile, between 6 and 6.5 

wt.%, while for 170 °C, a strong gradient can be observed for the highest ageing times, 

which flattens out farther into the sample, i.e., 1.8 wt.% at x = 0 mm and ca. 3.9 wt.% 

x = 2.5 mm for 100 h. At 110 °C, the profile instead showed a flatter profile through the 

sample cross-section. These flat profiles decrease for longer ageing times (Fig. 23b).  

 

  

Fig. 22. (a) Strain at break (εb) as function of the ageing time t(h) for EPDM cable 
transit seals. (b) Indenter modulus (Ei) as a function of ageing time t(h). Inset plots 
show the Arrhenius diagrams after shifting. 
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Fig. 24 shows the effect of the n-heptane extraction of soluble components from unaged 

EPDM cable transit seals (curve a). The unaged sample containing ca. 6 wt.% of 

extractable component had a modulus value of Ei ≈ 1.95 N mm-1, while a fully extracted 

unaged sample had Ei ≈ 3.5 N mm-1. Therefore, the migration of extractable components 

from the samples exerted a hardening effect on the EPDM cable transit seals. Curve b 

(shown in red) shows data taken from the depths of 2 and 3 mm (no oxidation in this 

region, cf. Fig. 19) for samples aged at 170 °C. These data clearly show that aged 

samples have higher moduli than the unaged (extracted) samples at the corresponding 

extractable content; thus, a hardening effect in addition to the contributions from 

migration and oxidation must be present.   

  

Fig. 23. Mass fraction of extractable component plotted as a function of distance from the 
surface for samples thermally aged at (a) 170 °C and (b) 110 °C.    
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The magnitude of this hardening effect can be seen in the inset plot in Fig. 24, which 

shows the hardening effect as a reduced indenter (dimensionless) modulus Ei/Ei
* (Ei

* is 

the indenter modulus of an unaged sample at the actual extractable species concentration 

as given in curve a). This hardening effect is associated with neither oxidation nor the 

migration of lower molar mass species. It is proposed to be caused by anaerobic 

crosslinking reactions, although the rubbers studied are highly filled, which makes the 

assumption very approximate.  

  

Fig. 24. Curve a shows the indenter modulus (Ei) for an unaged EPDM cable transit seal 
after extraction in n-heptane, plotted as a function of the mass fraction of remaining 
extractable in the sample. Curve b is a second-order polynomial fit to the experimental 
data for samples taken at a depth of 2 and 3 mm for different ageing times at 170 °C. The 
inset plot shows the contribution of the anaerobic effects, Ei/Ei*, where Ei* is the 
indenter modulus of an unaged sample with the same mass fraction of extractable 
component obtained from curve a, plotted as a function of ageing time.  
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Based on the assumption that the three different processes (polymer oxidation, migration 

of extractable species and anaerobic changes of the network) are separable and act 

separately, they can be expressed in dimensionless units: 

 

Ei = Ei t = 0( )× Eir,migr
* × Eir, anaerobic

* × Eir, c
* 	   	   	   (27) 

 
where Ei (t = 0) is the initial indenter modulus of the unaged material (1.95 N mm–1), 

E*
ir,migr is the effect of the migration of extractable components, E*

i,anaerobic is the 

contribution of the anaerobic hardening effect, and E*
ir,c is the reduced indenter modulus 

expressing the changes in hardness caused by thermal oxidation. The effect of migration 

of the extractable components can be expressed as follows:  

 

Eir,migr
* =

Ei ex%, t = 0( )
Ei t = 0( )    (28) 

where Ei (ex%, t = 0) is the indenter modulus value on curve a (unaged sample), which 

has the same mass fraction of extractable species as for the actual aged sample, and Ei (t 

= 0) = 1.95 N mm–1 is the indenter modulus of the unaged material with the actual 

percentage of extractable species (6.2 wt.%). The effect from anaerobic crosslinking can 

be expressed as follows: 

Eir,anaerobic
* =

Ei x = 3 mm( )
Ei ex%, t = 0( )  (29) 

where Ei (x = 3 mm) is the indenter modulus value at a depth (3 mm) at which no 

polymer oxidation has occurred. Ei (ex%, t = 0) is the indenter modulus value on 

reference curve a, which corresponds to the same extractable content as the aged sample 

Ei (x = 3 mm). In addition, E*
ir,anaerobic is assumed to be independent of the depth within 

the sample. The isolated effect from oxidation can be calculated by rearranging equation 

(27): 

Eir,c
* × Ei t = 0( ) = Eic =

Ei
Eir,migr
* × Eir,anaerobic

*  (30) 
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Eir, c
*  is defined as the reduced (dimensionless) indenter modulus based on the effects of 

oxidation; Ei (t = 0) is the initial indenter modulus of the unaged material (1.95 N (mm)–

1); Eic is the indenter modulus of the oxidized material, which excludes the contributions 

from migration and anaerobic effects; and Ei is the experimentally recorded indenter 

modulus for a given sample. Fig. 25 shows the effect of thermal oxidation, Eic, relative 

to CI for EPDM cable transit seals aged at 170 °C (depths from 0 to 1.4 mm; samples 

aged 60 and 100 h). As observed from the single fit curve, when the level of oxidation 

increases, the contribution of Eic rises, reaching a maximum at 3 N mm–1 for the highest 

level of oxidation.  

 

The separation of the different contributing mechanism is not limited to the indenter; 

data from NMR studies have also been used to evaluate the different contributions. To 

analyse the effects of the different contributions on the molecular dynamics, the 

relaxation rate R2 (R2 = T2
–1) must be considered. By assuming that the three mechanisms 

(polymer oxidation, migration and anaerobic crosslinking) have an additive effect on the 

relaxation rate, a similar approach to the mechanical data assessments shown earlier can 

be made. Fig. 26 shows the effect of components that are extractable in n-heptane 

relative to R2 for unaged samples (curve a). The relaxation rate gradually increases from 

an initial value of R2 = 0.64 ms–1 (ca. 6 wt.% of extractable component) up to R2 = 0.715 

ms–1 (totally extracted).  

  

Fig. 25. Corrected indenter modulus, Eic, values for samples aged at 170 °C for 60 h and 
100 h as a function of the reduced carbonyl index, CIr. 
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This result clearly shows that the migration of extractable components affects the 

molecular mobility of the EPDM cable transit seals. Adams et al have reported similar 

findings [92], demonstrating the loss of plasticizer in PVC and consequently its effects 

on the relaxation times, T2. Furthermore, Fig. 26 shows data for aged EPDM cable 

transit at depths of 2–3 mm; at these depths, no oxidation could be seen from the CI 

profiles (cf. Fig. 19). These data points have been fitted with a cubic spline fit, curve b. 

Remarkably, the data shown in curve b are higher than the relaxation rates for the 

unaged samples in curve a. Perhaps there is some anaerobic crosslinking mechanism 

isolated by the loss of extractable components.  

	  
 

 

 

 

 

The inset plot in Fig. 26 shows the contribution from the anaerobic crosslinking, which 

is determined by calculating the difference in relaxation rate ∆R2, anaerobic between an aged 

sample at a given mass fraction of extractable component and R2, for an unaged sample 

at the same extractable content on curve a [34]. This difference represents the anaerobic 

contribution ∆R2, anaerobic, which is assumed to be constant throughout the sample cross-

section.  

Fig. 26. NMR relaxation rates R2 for unaged EPDM cable transit seal samples, plotted 
relative to the mass fraction of the remaining extractable component in the samples 
(curve a). Curve b shows data taken from aged samples at 170 °C, at the depths of 2.0 
mm (filled squares) and 2.5 mm (filled triangles). The inset plot shows the effect of the 
anaerobic mechanism on the relaxation rate, R2, as a function of ageing time.  
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The effects from migration, ∆R2,migr, at different times and depths can be calculated by 

taking the difference between the value on curve a (Fig. 26) at a given extractable 

content (the same extractable content as for the aged sample of interest) and the value 

for a virgin sample, 6 wt. %, R2 = 0.65 ms–1. 

The increase in R2 due to polymer oxidation (∆R2, ox) can be calculated as follows: 

 

∆ R2, ox = R2 − R2 t = 0( )−∆ R2, migr % extr( )−∆ R2, anaerobic   (31) 

 

where R2 is the actual relaxation rate of the aged sample, R2 (t = 0) is the initial (at time t 

= 0) relaxation rate, ∆R2,migr is the effects from migration, and ∆R2, anaerobic is the anaerobic 

contribution.  

Fig. 27 shows the calculated ∆R2, ox as a function of the reduced carbonyl index (CIr) for 

the oxidized regimes (x = 0 – 1.5 mm, for 170 °C). The calculated ∆R2, ox will increase 

for higher CIr values and can be fitted to a single curve. 

 

 

 
	  
	  
	  
	  
	  
	   	  

Fig. 27. The increase in the corrected relaxation rate of the oxidative contribution, ∆R2, ox, 
as a function of the degree of oxidation, CIr, of samples aged at 170 °C for 60 h and 100 h.  
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4.1.6 Migration of extractable components from the EPDM cable transit seals.  
	  
Fig. 28 shows the mass fraction of extractable components in n-heptane, plotted as a 

function of the distance from the outer wall, for samples aged at 170 °C and 110 °C. The 

unaged sample showed a homogenous profile, between 6 and 6.5 wt.%. The profiles 

clearly show the loss of extractable components from the cable transit seals when 

exposed to elevated temperatures. The concentration profiles for the low-temperature 

ageing, 110 °C, are flat and decrease for longer ageing times. This suggests that the 

extractable components, primarily stearate, were lost by evaporation during the ageing 

process. However, for higher temperatures such as 170 °C, a gradient developed at the 

sample edges, suggesting that the loss of extractable components (stearate) is diffusion 

controlled for higher ageing temperatures.  

  

 

 

The diffusivity and boundary loss kinetics of the extractable components were estimated 

by fitting the concentration profiles within the plaques. The fitting was achieved using 

the multi-step backwards differentiation method. The diffusivity (D) of the stearate was 

assumed to be independent of the concentration of stearate, and the boundary loss rate 

(F) was obtained by fitting the system of equations to the concentration profiles. (The 

equations and assumption used to determine the diffusivity and boundary loss rate have 

been described in the theory section 3.1). The program searches for the best fitting 

Fig. 28. Concentration profile for EPDM cable transit seals aged at (a) 170 °C and (b) 
110 °C. Fitting was performed by the multi-step backwards differentiation method 
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function to describe the loss rate at the polymer boundary (F) and the diffusion (D) of 

the stearate by fitting the equations to the concentrations profiles.  

However, these fittings were not successful for these concentration profiles, which can 

be attributed to the multi-component diffusion and evaporation from the material; 

stearate is known to be a large molecule that breaks down into smaller components when 

heated. However, the yield of components from the stearate can be different and 

therefore affect the final diffusion and evaporation process in the material. The results 

from the fittings can be seen in table 2. The table shows that the diffusion process 

becomes faster as the temperature is increased. The evaporation also becomes greater. 

This observation supports the suggestion that stearate breaks down into smaller 

components, diffuses through the sample, and evaporates from the polymer surface 

boundary rapidly, as the components are much smaller. For lower temperatures, the 

process is slower and more controlled by evaporation. Since the concentration profiles 

for 120 °C were more difficult to fit using the program, the data were fitted manually to 

acquire the best result. 

 
Table 2. Estimated diffusion and evaporation coefficients from the concentration profiles of 
thermally aged EPDM cable transit seals. 

Temperature (°C)                   D (cm2 s-1)              F (cm s-1) 

110 1.65 x 10-7 8.99 x 10-8 

120 5.0 x 10-7 3.00 x 10-7 

150 1.29 x 10-6 1.74 x 10-6 

170 2.92 x 10-6 3.68 x 10-6 

	  

By taking estimated coefficient values for diffusion and evaporation (D and F) from 

table 2, Arrhenius diagrams could be made to estimate the activation energies, ∆ED = 62 

kJ/mol and ∆Eevap = 85 kJ/mol. 
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4.2 The effects of γ-irradiation on EPDM. 

 

4.2.1 Polymer oxidation by IR microscopy 
	  
The application of γ-irradiation to EPDM has been shown to cause several changes in its 

infrared (IR) spectrum [45, 47, 123–125]. Fig. 29a shows the IR spectra from the high-

frequency region (3800 – 3000 cm–1) for EPDM cable transit seal samples γ-irradiated in 

air (pO2 = 21.2 kPa). The spectra of the unaged sample and the two samples exposed to 

40 kGy (dose rate 0.31 kGy h–1) and 0.15 kGy (1 year in service) were essentially the 

same within this range. The spectra of the samples exposed to the highest doses, 

120 kGy, 200 kGy (dose rate 0.31 kGy h–1) and 3.15 kGy (21 years in service), showed 

the development of a shoulder at approximately 3000 – 3250 cm–1, which is attributed to 

an increase in absorbance in the hydroxyl absorption region, corresponding to the 

formation of alcohols, acids and hydroperoxides [126, 127].   

 

 

 

  

Fig. 29. (a) Infrared spectra from region 3800 – 3000 cm–1 of EPDM cable transit seals 
γ-irradiated in air for 40 kGy, 120 kGy and 200 kGy. Additional spectra for samples 
taken from service conditions are shown (1 year and 21 years). (b) Infrared spectra of the 
carbonyl region for the corresponding samples. 
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Fig. 29b shows the absorption region from 1550 to 1900 cm–1 for the same samples 

discussed earlier. The unexposed sample and the two samples exposed to the lowest 

doses showed similar spectra. Carbonyl bands could be observed for the samples 

irradiated at the highest doses (120 and 200 kGy) and 3.5 kGy (21 years in service). 

Most of the bands could be observed in the range 1730 – 1750 cm–1, together with a 

broad shoulder between 1700 – 1730 cm–1. Common carbonyl stretching modes within 

these absorption bands are as follows [45, 46, 52]: 1705 cm–1 (carboxylic acid), 

1715 cm–1 (ketone), 1728 cm–1 (aldehyde) and 1740 cm–1 (ester). The absorption bands at 

approximately 1785 cm–1 may be due to the formation of γ-lactones [46]. All but the 

unexposed sample showed the 1785 cm–1 peak/shoulder. All samples except those γ-

irradiated to 120 and 200 kGy showed two peaks in the amide region (1659 cm–1 and 

1633 cm–1), possibly due to the presence of oleyl-amide (lubricant used for the cable 

transit seals). The two peaks merged into one peak at ~1650 cm–1 after 120 and 200 kGy. 

It should be noted that the infrared spectra of the samples γ-irradiated in low-oxygen 

media (pO2 = 1 and 5 kPa) did not show any signs of carbonyl formation.  

The degree of oxidation was expressed as the reduced carbonyl index (CIr), as described 

earlier (see section 4.1.1). Fig. 30 shows CIr profiles of γ-irradiated samples in air and 

components taken from service (manuscript III). The profiles show that oxidation was 

stronger in the surface regimes and practically absent in the bulk of the sample (x = 2 – 3 

mm for 200 kGy). The CIr profiles of the service-aged samples show homogenous 

profiles and no sign of diffusion-limited oxidation (DLO). The samples exposed to γ–

radiation in low-oxygen media show flat profiles with no traits indicating oxidation, 

CIr ≈ 0.  
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Fig. 31a shows the IR absorption in the 3000 – 3600 cm–1 region, normalized with 

respect to a selected internal reference band at 2848 cm−1 for samples irradiated in water 

and air (see manuscript IV). The reference band is assigned to the CH2 symmetric 

stretching mode and is essentially unaffected due to the low levels of oxidation here. As 

the irradiation dose is incr7eased, the absorption within this region rises, which is 

highest for γ-irradiated samples in air. The absorption bands within this region can be 

assigned to hydroxyl and hydroperoxide groups [46, 128].  

Figs. 31b,c shows the carbonyl index (CI) profiles for samples γ-irradiated in air and 

water. The carbonyl index was determined by calculating the area of the carbonyl region 

(1690–1750 cm–1) and normalizing the area with an internal reference band at 2848 cm–

 1. Fig. 31b shows the CI-profiles for samples γ-irradiated in air. The profiles clearly 

show the propagation of oxidation through the sample cross-section, with a resulting 

increase in CI with increasing irradiation dose. Additionally, the profiles show that there 

is a gradient in oxidation/carbonyl index close to the surface (become larger for higher 

doses), which flattens out further into the sample, and this is a typical indication of a 

diffusion-limited oxidation (DLO) process.  

  

Fig. 30. Reduced carbonyl index (CIr) profile for EPDM cable transit seals irradiated 
in air and samples taken from service. Inset plot shows the dose dependence of CIr at 
the outermost 0.25 mm thick region for samples exposed to γ radiation (dose rate = 
0.31 kGy h–1). 
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Fig. 31c shows the carbonyl index profiles for EPDM samples irradiated in water. The 

profiles show small traits of DLO effects, although the general trend is that CI increases 

for higher irradiation doses at all positions. Comparing the two profiles (cf. Figs. 31b, c) 

shows that the overall carbonyl index profiles for samples irradiated in water are smaller 

than those for samples irradiated in air. 

	  
Moreover, the flat carbonyl index profiles shown for water in Fig. 31c are similar to the 

carbonyl index profiles obtained by Matsui et al. [129] for XLPE irradiated in water. 

They argued that the flat carbonyl index profiles were a consequence of the rate of 

oxygen consumption in the sample being lower than the oxygen diffusivity into the 

sample. Similar findings were also presented by Hacioglu et al. [128] , who studied the 

mechanical properties of EPDM samples irradiated in water; samples γ-irradiated in 

water showed higher mechanical properties than those irradiated in air because of the 

different oxygen availability in the sample. When γ-irradiating water, free radicals such 

as OH• and solvated electrons e-
aq are produced [130, 131]:   

 

H2O  (H2O•+)∗ + e−	  → eaq
− 

↓10−13 s 
H+

aq + •OHaq 

 

  

γ

Fig. 31. (a) The normalized IR absorptions in the hydroxyl region (3000–3600 cm–1) as a 
function of the exposure dose. CI plotted relative to the sample cross-sections of the surface 
(x) for samples γ-irradiated in (b) air and (c) water. 
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Oxygen is a diradical and reacts readily with other free radicals produced by radiolysis; 

if the water contains dissolved oxygen, then superoxide, •O2
-, HO2 and peroxides H2O2 

are formed by the following scheme: 

 

	   	   	   	   e−(aq) + O2 → O2
•−  

    2O2
•− + 2H+ → H2O2 + O2 

          e−(aq) + H2O2 → −OH + •OH 
    O2

•− + H+ → HO•
2 

    O2
•− + HO•

2 → O2 + HO−
2 = H2O2 

 

Thus, oxygen that is dissolved in the water will be consumed during the irradiation 

process, which will therefore affect the oxygen diffusion into the sample and lead to 

relatively low oxidation in the rubber irradiated in water. 

To understand the water/rubber interactions, the water uptake in samples irradiated in 

water was investigated (see Fig. 32a). As the dose is increased, the water uptake 

increases continuously (up to ca. 50 % at 3.5 MGy). This is a consequence of the 

oxygen-containing polar groups, such as carbonyls, formed during the oxidation process.  

 

 

 

 

  

Fig. 32. (a) Water uptake plotted as function of time (days) for u-shaped EPDM seals 
γ-irradiated in water. (b) Saturated water uptake and diffusivity plotted as a function 
of irradiation dose. 
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The water diffusivity (D) was estimated by using the time where 50 % of the saturation 

uptake occurred (t0.5), as follows:  

 

    D = 1
s
0.0419
t0.5
t 2

     (32) 

which is originally (without the scaling factor s) valid for a one-dimensional case of 

diffusion [107]. The samples used were cuboidal, and therefore the equation was scaled 

with a factor, s, to represent the three-dimensional case (s was 5.1-5.3, as determined by 

comparing one- and three-dimensional t0.5 data on the actual cuboidal geometry). Fig. 

32b shows how the diffusivity increases for larger doses (up to ca. 50 % at 3.5 MGy, 

similar to the size of the increase in water uptake). However, the reason for this increase 

in diffusivity remains unclear, although it has been suggested that the small water uptake 

has a limited plasticizing effect on the rubber material, causing this increase in D. 

Nonetheless, it should be considered that the increase in water uptake and diffusivity 

was relatively small considering the high maximum radiation dose.   
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4.2.2 Stress-strain profiles based on indenter modulus measurements 
	  
Fig. 33 shows the indenter modulus profiles for a γ-irradiated EPDM cable transit seal at 

pO2 = 5 kPa and pO2 = 21.2 kPa. Samples irradiated in low oxygen-containing media (pO2 

= 5 kPa) showed flat profiles, which increased for higher doses. These samples also 

showed no oxidation according to infrared spectroscopy, the CIr was zero.  

However, γ-irradiation in the air (pO2 = 21.2 kPa) showed a strong increase in the 

indenter modulus in the surface regimes (Fig. 33b), which gradually decreased further 

into the bulk regions of the sample, showing the effects of DLO. This phenomenon 

could also be observed in the CIr profile, which showed polymer oxidation within only 2 

mm of the surface layer and no oxidation in the inner regimes of the sample profiles.   

 

	  
 

 

Fig. 34 shows the dose dependence of the indenter modulus of the inner non-oxidized 

parts of samples irradiated in air (pO2 = 21.2 kPa ) and low oxygen mediums (pO2 = 1 kPa 

and pO2 = 5 kPa). There is a linear relationship between the indenter modulus and the 

square root of the γ-irradiation dose. However, there is a difference between the two 

lines, which may be caused by the difference in the migration rate of extractable 

components in the samples when exposed to environments with different oxygen partial 

pressures (see section 4.25) .	    

Fig. 33. (a) Indenter modulus (Ei) profile of EPDM cable transit seals γ-irradiated in 
low oxygen medium (pO2 = 5 kPa) and (b) shows the profiles for samples irradiated in 
air (21.2 kPa).  
 



 67 

	  

Fig. 35a illustrates the indenter modulus profiles (Ei) for u-shaped EPDM samples γ-

irradiated in air (pO2 = 21.2 kPa) at different depths from the sample surface. Unexposed 

samples (reference) showed a flat profile through the sample cross-section, Ei, of 1.95 ± 

0.05 N mm–1. As the total irradiation dose is increased, the indenter modulus through the 

sample is enhanced, initially uniformly. However, for higher doses, i.e., 1.4 MGy, 2.1 

MGy and 3.5 MGy, a gradient evolves at the surface and propagates farther into the 

sample for higher total doses (Ei = 5.8 N mm–1 at x = 0 and ca. 4.8 N mm–1 at x = 1.25 

mm). This is consistent with the CI profile shown in Fig. 31b, which shows a strong 

oxidation gradient in the surface regions. Thus, oxidation results in crosslinking that 

increases with increasing irradiation dose, which is reflected in the indenter modulus 

profiles.  

  

Fig. 34. Indenter modulus (Ei) of samples exposed to γ-radiation (dose rate = 0.31 kGy h–1) 
in low oxygen mediums (pO2 = 1 and 5 kPa, plotted as a function of the square root of the 
dose (symbol: ●). Samples irradiated in air (pO2 = 21.2 kPa), data taken from a depth of 3 
mm, are shown by symbol: ❍. The lines are linear fits to the experimental data. 
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Fig. 35b shows the indenter modulus profiles of samples irradiated in water up to 3.5 

MGy. The profiles are flat for all doses and show no traits of DLO, and the indenter 

modulus increases for higher irradiation doses (reaching 3.9 N mm–1 for 3.5 MGy), 

though this increase is far less than in air. Moreover, the indenter modulus profiles 

reflect their corresponding CI profiles (cf. Figs. 31c and 35b). The CI profiles show flat 

oxidation profiles, which increase for higher doses.  

	  
Fig. 36 shows the compression set as a function of irradiation dose for samples 

compressed to three different strain levels in air and water. The curves show a strong 

gradient in compression set between 0 and 1.5 MGy, which is stabilized ca. 78 % (35 % 

prestrain) compression set after exposure to 3.5 MGy. Fig. 36 shows also the 

compression set for the samples irradiated in water, which is always lower than the 

compression set for air, especially at higher doses (cf. Figs. 36a, b) because the degree 

of oxidative crosslinking (new crosslinks created in the compressed state) is much 

greater in air than in water 

  

Fig. 35. Indenter modulus (Ei) profiles for u-shaped EPDM seals, irradiated in (a) air and (b) 
water. 
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4.2.3 Assessment of ageing by NMR spectroscopy 

	  
Fig. 37 shows the, T2 profiles of EDPM cable transit seals irradiated with different doses 

(dose rate 0.31 kGy h–1) in oxygen-containing media, pO2 = 21.2 kPa and 5 kPa. Unaged 

EPDM samples show uniform relaxation profiles through the cross-section at a value of 

~1.55 ms. The γ-irradiation in air (pO2 = 21.2 kPa) clearly affected the molecular 

mobility in the rubber (see Fig. 37a). As the irradiation dose is increased, a significant 

gradient evolves from the sample surface into the sample cross-section. Although the 

changes in relaxation might not be considerable (the curve for 200 kGy changes by 0.3 

to 0.6 ms), the change spans a distance of 1–1.5 mm, which is comparable to the 

thickness of the oxidized layer seen in the CIr profile (Fig. 30). Fig. 37b shows that for 

γ-irradiation in low oxygen-containing medium (pO2 = 5 kPa), the profiles show a flat 

trend, which is comparable to that of the unaged sample. However, as the dose increases, 

the relaxation times become shorter, changing from 1.55 ms initially to 1.38 ms (5 kPa) 

and 1.43 (1 kPa) for 200 kGy. The uniform NMR profiles for samples irradiated in low-

oxygen medium were similar to the flat indenter modulus profiles shown in Fig. 33. 

Additionally, Fig. 37a shows the T2 values obtained for a 21-year field-exposed sample 

(dose = 3.15 kGy and low oxygen pressure, 1 kPa). The relaxation is clearly much lower 

(1.22 ms) than that of the samples exposed to 200 kGy in air (pO2 = 21.2 kPa).  

Fig. 36. Compression set as a function of dose for samples irradiated in (a) air and (b) water.  
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Fig. 38 illustrates the correlation between T2 relative to the indenter modulus, Ei. Line a 

shows the corresponding linear fit to all data points for samples irradiated in air (pO2 = 

21.2 kPa) and in low oxygen-containing media (pO2 = 1 kPa and 5 kPa). Line b 

illustrates the trend for data taken for EPDM cable transit seals that were thermally aged 

at 170 °C. An interesting feature is the linear behaviour between T2 and Ei, for both 

thermal ageing and γ-irradiation. However, the major difference between the two effects 

can be observed by studying the carbonyl indexes: the CIr index for EPDM cable transit 

seals aged at 170 °C varied in the range 0 – 0.11, while the highest observed CI index 

for γ-irradiated EPDM seals was in the range 0 – 0.06 (cf. Figs. 19 and 30). 

Consequently, oxidation is a more pronounced effect during thermal ageing than during 

γ-irradiation for EPDM cable transit seals.  

  

Fig. 37. Transverse relaxation, T2, profiles for EPDM cable transit seals γ-irradiated (0.31 
kGy h–1) in (a) air (pO2 = 21.2 kPa) and (b) low oxygen containing medium (pO2 = 5 kPa).  
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When comparing the changes in relaxation time, T2, the variations are not significant;  

T2 varies in the range 1.2 – 1.6 ms for samples γ-irradiated in air and low-oxygen 

medium. Thermal oxidation causes the relaxation times, T2, to vary in the range 1.1 – 1.6 

ms. However, the change in indenter modulus, Ei, was more significant: 1.95 – 3.4 N 

mm–1 for γ-irradiation and 1.95 – 6.0 N mm–1 for thermal ageing.  

This result shows that the NMR relaxation times demonstrate different relationships 

with the indenter modulus, which strongly depends on the balance between oxidation, 

migration and anaerobic effects. In practise the most important property is the strain-at-

break (εb), which in many cases shows a correlation with results from LOCA tests (loss-

of-coolant accident (LOCA) condition testing, which evaluates the ability for different 

components to remain functional during the harsh conditions during a nuclear power 

plant accident.  Fig. 39 shows data for EPDM cable transit seals being thermally aged in 

air at different temperatures between 170 and 110 °C, demonstrating a general 

relationship between εb and Ei (the average value based on the profile). Also shown in 

Fig. 38. NMR transverse relaxation times (T2) plotted as a function of the indenter modulus 
(Ei) for samples γ-irradiated (dose rate = 0.31 kGy h–1) in air (pO2 = 21.2 kPa) with doses 
of 40 kGy (■), 120 kGy (❍) and 200 kGy (●). Also shown are samples γ-irradiated (dose 
rate = 0.31 kGy h–1) in low oxygen mediums – pO2 = 1 kPa (symbol: ✕) and 5 kPa (symbol: 
✛).  Sample taken out from service, 1 and 21 years exposure to 0.15 kGy year–1 in a low 
oxygen medium, pO2 = 1 kPa, can be seen by the filled red circles. Line a, shows to the 
linear fit of all experimental data and line b to the data trend for samples thermally aged at 
170 °C in air.  
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Fig. 39 is the 21-year-field-exposed specimen, with εb values between 30 and 50 %, 

which is pretty much in accordance with the general εb vs. Ei relationship shown for the 

thermally aged samples. A similar curve is displayed for the NMR in the inset plot, 

which uses data from thermally aged samples (170 – 110 °C). The T2 data obtained for 

the sample taken out from service (21 years) demonstrated a much larger deviation from 

the general T2-εb relationship. Hence the indenter modulus is suggested to a more useful 

technique to predict the remaining lifetime for the cable transit seals, albeit the method 

is destructive. The NMR method is very attractive as it can facilitate profiling to a depth 

of 5 mm without being invasive. However it’s suggested that the NMR technique can be 

far more useful and precise if users perform a suitable calibration. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig. 39. Strain-at-break (eb) plotted as a function of the indenter modulus (the small 
indenter probe has been used, the data presented is an average of the data based on the 
profile data set) for samples aged at different temperatures. The red points shows the data 
for the service exposed samples (21 years), exposure to 0.15 kGy year–1 in a low oxygen 
medium, pO2 = 1 kPa. The inset plot shows the corresponding relationship for the T2 
relaxation. 
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Fig. 40 shows the NMR profiles for u-shaped EPDM seals irradiated in air and water. 

The T2 profile (with a value of ca. 2.2 ms) for the unaged sample is flat, as likewise 

observed for the carbonyl index and the indenter modulus profiles (cf. Figs. 31 and 35).  

Fig. 40a shows that T2 decreases for higher irradiation doses, which indicates reduced 

chain mobility in the polymer caused by crosslinking [43, 60, 124]. Additionally, the 

irradiation in air shows that the relaxation times become shorter at the surface relative to 

the interior, i.e., T2 = 1.46 ms at x = 0 mm. DLO effects cause this gradient formation, 

which can also be seen from the CI profiles (Fig. 31).   

 

 

  

The T2 profiles for samples irradiated in water are shown in Fig. 40b and exhibit a 

similar trend to the carbonyl index and indenter modulus profiles (cf. Figs. 31c and 35b). 

Upon comparing the T2 profiles of irradiation in air and water, it is noticeable that the 

molecular mobility is lowest in the case of air, caused by the stronger oxidative 

crosslinking in that environment. In addition to the oxidative effects, the migration of 

extractable component was considered as a possible degradation mechanism, which 

could explain the change in molecular mobility. However, γ-irradiation at 50 °C was 

shown to cause evaporation of the paraffin oil (largest component after extraction) 

Fig. 40. NMR- T2 relaxation profiles for u-shaped EPDM seals irradiated in (a) air and (b) 
water.  
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incorporated into the u-shaped EPDM seals (see manuscript IV), which increased for 

higher doses, suggesting that γ-irradiation can degrade the oil into smaller components 

that can evaporate more easily from the sample. This softening/plasticisation effect of 

paraffin oil can be observed in the increase in the indenter modulus and reduction in the 

relaxation time for the u-shaped sealants.  

4.2.5 Effects of migration during γ-irradiation. 
	  
Fig. 34 shows that the dose dependence of the indenter modulus of the inner non-

oxidized parts of the samples irradiated in air (pO2 = 21.2 kPa) and low-oxygen medium 

(pO2 = 1 kPa and pO2 = 5 kPa) follows a linear relationship. However, the dose rate 

dependence of samples irradiated in air is different from that of samples irradiated in 

low oxygen medium. These results were caused by the difference in the migration rate 

of extractable components in the samples when exposed to different oxygen 

environments. Fig. 41 shows the extraction profiles for samples γ-irradiated in air (pO2 = 

21.2 kPa) and in low oxygen-containing media (pO2 = 1 and 5 kPa).  

 

 

 

Fig. 41. (a) Mass fraction of extractable component (in n-heptane) plotted as a function of the 
distance from the sample surface of samples γ-irradiated in air (pO2 = 21.2 kPa, dose rate = 
0.31 kGy h–1). (b) Shows the concentration profiles for EPDM cable transit seals irradiated 
in low-oxygen medium (pO2 = 5 kPa). 
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The profiles are flat for all doses and decrease monotonically with increasing irradiation 

dose and with higher oxygen concentration in the atmosphere. Notably, the lowest 

residual amount of extractable content remained for the sample taken out of service after 

21 years (2.2 ± 0.1 wt.%), whereas the 1-year-old sample from service had an amount 

that was not far below the values of the unaged sample.  

The main extractable component in n-heptane was glyceryl tristearate, used for the 

EPDM cable transit seals, which can be considered a bulky molecule with a high boiling 

point of 260 °C. The vapour pressure of glyceryl stearate at 300 K was extremely low, 

on the order of 5 x 10-9 Pa. Therefore, the evaporation of stearate at 23 °C should be 

insignificant. However, Selke et al showed that stearate degrades by oxidation into 

smaller and more volatile components in the presence of oxygen. Similar components to 

those found by Selke et al [132] were also identified by TGA–GC/MS from the gases 

when heating the EPDM cable transit seals isothermally at 170 °C (see Fig. 42). 

 

	  

 
 
	  
	   	  

Fig. 42. Total ion chromatograms (TIC) of pure stearate (blue) and volatile components 
from the isothermal heating of EPDM cable transit seals (red). The figure displays the total 
ion chromatograms (TIC) of loop 9 of tristearin and EPDM cable transit seal samples. It 
corresponds to a time of 8130 seconds (see section 2.9.1). Some of the main identified peaks 
identified in the tristearin are labelled in the chromatograms. Most important evolved 
compounds are pair of ketones/aldehydes such as e.g. 2-pentanone/pentanal, 2- 
heptanone/heptanal. 
	  



 76 

Fig. 43 shows the loss of extractable components as a function of the square root of the 

exposure time, which includes all the data from irradiation in air and in low-oxygen 

medium. Additionally, data obtained from samples exposed to the service conditions 

(1 and 21 years) were also considered, resulting in the inclusion of two series of 

conditions: (i) dose rate = 0.31 kGy h–1 and pO2 = 1, 5 and 21.2 kPa; (ii) pO2 = 1 kPa and 

dose rates = 0.15 kGy year–1 and 0.31 kGy h–1. As can be observed in Fig. 43, the loss of 

extractable components for samples irradiated at higher dose rates will be faster in air. 

The inset plot shows the importance of pO2 clearly: the migration rate increases with 

increasing pO2 according to the square root of time. This implies that oxygen has a 

fundamental role in the migration process of stearate from the rubber, as it facilitates the 

degradation of the molecule though oxidation. Selke et al previously also demonstrated 

this role. 

 

 

	  
	  
	  
	  
	   	  

Fig. 43. Loss of extractable components in n-heptane plotted as a function of the square 
root of the irradiation time. The following data have been taken (a) Dose rate: 0.31 kGy h–1 
and pO2 = 1 kPa (▲), 5 kPa (∆) and 21.2 kPa (❏); (b) samples taken out from service, 
exposed to a dose rate of 0.15 kGy year–1 for 1 and 21 years (●). The inset plot shows a 
magnification of the trends during the first 10 000 h.  
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4.2.4 Separation of ageing effects 
	  
As previously observed in the CIr profiles for EPDM cable transit seal samples (Fig. 30), 

oxidation was primarily confined to the surface regions of the sample (consider samples 

exposed to a dose of 200 kGy), practically reaching zero by 3 mm depths and showing 

no traits of oxidation. However, the corresponding Ei profiles (see Fig. 33) showed a 

further hardening effect for these depths. As in the case of thermal ageing of EPDM 

cable transit seals, this finding indicates another prevailing mechanism during the 

degradation process. The same methodology for separating mechanisms (see section 

4.1.6) described for thermally aged EPDM seals have been used.  

The inset plot in Fig. 44 shows the effect of extractable components on the indenter 

modulus of a pristine EPDM sample. The data for samples γ-irradiated in low oxygen-

containing media (pO2 = 1 and 5 kPa, dose rate = 0.31 kGy h–1) at 23 °C and samples 

irradiated in air (pO2 = 21.2 kPa) from a depth of 3 mm were taken from Fig. 33 and 

evaluated according to equation (29), which yields the corresponding Ei, anaerobic shown in 

Fig. 44.  

	  

	  
	  

	  
	  
	  
	  
	  
	  

Fig. 44. Indenter modulus showing the effect of anaerobic processes (Ei,anaerobic) plotted as a 
function of time of exposure to radiation (dose rate = 0.31 kGy h–1) in media with oxygen 
partial pressures of pO2 = 1 and 5 kPa (●); pO2 = 21.2 kPa (❍). 

	  



 78 

Fig. 44 clearly shows the small difference in indenter modulus (0.05 N mm–1) for 

samples irradiated in air and low oxygen-containing media. Furthermore, comparing the 

different data in Fig. 44 shows that most of the difference between the data from the low 

oxygen-containing medium and data taken from irradiation air is due to the migration of 

extractable components. This conclusion can also be drawn by comparing amplitudes, 

i.e., the difference between the initial value and the value obtained after the maximum 

dose (200 kGy), of these two processes: 0.40 – 0.70 N (mm)–1 (migration of extractable 

species); 0.25 – 0.35 N (mm) –1 (anaerobic change of polymer network). 

The isolating effect of oxidation on the γ-irradiated samples in air (pO2 = 21 kPa) and 

low oxygen-containing media (pO2 = 1 and 5 kPa) was calculated according to equation 

(29); see section 4.1.5: 

 

    (33) 

 

Fig. 45 shows data for the oxidative part of the indenter modulus (Eq. 29) relative to the 

CIr index, for EPDM cable transit seals. As can be observed the increase in Eic for a 

given degree of oxidation (i.e. CIr) was much smaller for the samples exposed to γ 

radiation, relative to the samples which were thermally aged at 170°C – 110 °C. The 

inset plot shows that at CIr = 0.06 (see Figs. 19 and 30), there is a linear relationship 

between the temperature and the indenter modulus (thermally aged samples are 

displayed as T; γ  -irradiated as R). The effects of the increased polarity in the EPDM 

cable transit seals, due to the presence of carbonyl groups is of small importance for the 

indenter modulus, i.e. it accounts for maximum 15 % of the initial value for CIr = 0.06 

according to the data obtained for the γ -irradiated samples. For samples thermally aged 

at 170 °C and 150 °C, this constituted only 1/5 of the increase in indenter modulus. The 

increased indenter modulus in the latter cases must be due to oxidative reactions leading 

to further crosslinking, a reaction that is favoured by an increase in temperature [133]. 

Thus this proposes that the crosslinking reaction has higher activation energy, compared 

to the rate-controlling step of the polymer oxidation reaction. The activation energy for 

the oxidation reaction could be calculated from the increase in CIr at a depth of 0.25 mm 

with time for EPDM cable transit seals, thermally aged in air at 170 and 110 °C; the data 

followed the Arrhenius equation with an activation energy of 113 kJ mol–1. The 

crosslinking rate due to oxidation was calculated from the increase in Eic with increasing 

Eir,c
* ×Ei t = 0( ) = Eic =

Ei
Eir,migr
* ×Eir,anaerobic

*
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ageing time at the different ageing temperatures, which according to resulted in an 

activation energy of 130 kJ mol–1. These activation energies show that the rate of 

crosslinking that is induced by oxidation is decreased by an order of magnitude (ten 

factor), relative to the rate of oxidation by a temperature decrease from 170 °C to 25 °C. 

This is in a reasonable agreement with the trend observed in the Eic-CIr data displayed in 

Fig. 44. Consequently it seems that there is no direct relationship between the indenter 

modulus and degree of oxidation for the samples studied, instead it’s suggested that Eic 

must be a function of both CIr and the ageing temperature. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

Fig. 45. The indenter modulus concerned with polymer oxidation (Eic), plotted as a function 
of the reduced carbonyl index (CIr) for samples exposed to radiation in air (dose rate = 0.31 
kGy h–1, pO2 = 21.2 kPa) with doses of 40 kGy (❏), 120 kGy (❍) and 200 kGy (●). Curve a 
shows a 2nd order polynomial fit to the experimental data for the samples that were γ-
irradiated. Curve b shows 3rd order polynomial fits for data taken on EPDM cable transit 
seals thermally aged at 120°C and 110 °C; curve c shows the corresponding fitting for the 
thermally aged samples at 170 °C and 150 °C. The inset plot shows the indenter modulus at 
CIr = 0.06 plotted as function of temperature. The data points marked with T is from samples 
being thermally aged and the data for the γ-irradiated samples is marked with R. 
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5. Conclusions 
	  
EPDM cable transit seals containing 6 ± 2 wt.% chalk, 35 ± 5 wt.% aluminium 

trihydrate and roughly 6 wt.% extractables were thermally aged in air at 170 °C, 150 °C, 

120 °C and 110 °C (paper I and II). The ageing performance of the EPDM rubber 

samples were evaluated by classical testing methods such as strain-at-break (εb) and 

indenter modulus (Ei) of the surface. The data acquired for the different ageing 

temperatures, showed similar curve shapes in the linear property-log ageing time 

diagrams. Thus, data could be shifted along the x-axis to achieve a high degree of 

overlap. The shift factors show perfect agreement with the Arrhenius law, and the slopes 

between the two methods yield activation energies (Ea) values close to 110 kJ mol–1 

(1.14 eV).  

Furthermore the cable transit seals were investigated with different monitoring methods 

such as modulus profiling, oxidation profiling (by suing IR spectroscopy) and NMR. 

Evidently, the existence of diffusion-limited oxidation (DLO) was shown to occur, with 

strong oxidation gradients close to the surface regimes of the samples and less in the 

interior. Modulus profiles showed that the hardness was greater at the sample surface 

than in to the interior, presumably due to oxidation and crosslinking. Additionally the 

profiles showed an increase in the hardness in the sample interior for longer ageing 

times, while CI profiles showed the absence of oxidation at the corresponding depths. 

Instead it was shown that migration of the n-heptane-extractable component in both aged 

and unaged sample was a potential mechanism causing the material hardening. 

Additionally, by studying the indenter modulus data for extracted unaged samples and 

aged samples at a depth where there was no oxidation; a greater modulus than observed 

by the mass fraction of extractable component could be seen, which suggested that 

another process leading to increased hardness was prevailing. This hardening effect, 

presumed to be caused by anaerobic crosslinking, could be presented from the indenter 

modulus relationship Ei/Ei
* or NMR relaxation rate ∆R2, anaerobic. Furthermore a 

relationship was derived showing the effects of the three proposed mechanisms: polymer 

oxidation, migration of extractable component and anaerobic crosslinking.  
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The effects of γ-radiation on the EPDM cable transit seals were investigated (paper III). 

Samples were exposed to high dose rates at room temperature and in media with 

different oxygen partial pressures (1–5 kPa) and air (21.2 kPa), mimicking different 

situations in the reactor containment (service conditions and failure). γ-irradiation in low 

oxygen containing media (1–5 kPa) showed no oxidation, while ageing in air (21.2 kPa) 

showed effects of DLO, with the highest carbonyl index close to the surface regimes. 

Despite the modest level of oxidation in the sample, indenter modulus profiling and a 

non-invasive NMR method could be used to detect it. Using a similar approach as in the 

case for thermal ageing, separation of the different contributing effects such as polymer 

oxidation, migration of low molar mass species and anaerobic changes in the polymer 

network was made possible. Moreover, a sample aged during 21 years of service (18000 

times lower dose rate than that used in the accelerated testing) showed a uniform low 

level of oxidation in the polymer. Comparable to the thermal ageing, the inner regimes 

of the blocks showed a change in the modulus and relaxation times, which is caused by 

migration of low molar mass species (primarily glyceryl tristearate) and anaerobic 

changes in the polymer network. Conclusively it was found that the oxygen partial 

pressure had an important accelerating effect on the rate of migration of glyceryl 

tristearate from the EPDM cable transit seals.  

 
The effects of γ-irradiation on EPDM seals containing a high filler load of (carbon black 

39 wt.%) were investigated both in water and air (paper IV). The carbonyl indexes and 

indenter modulus increased much more for the samples undergone irradiation in air. 

This could also be observed from the T2 relaxation time, which were much shorter for 

samples irradiated in air. This is attributed to the fact that there is less oxygen available 

in water than in the case of air. The importance of oxygen could also be observed from 

the profiles; which showed clear DLO effects in air, while flat profiles were observed 

for samples irradiated in water. Thus, oxygen solubility and diffusion are important 

aspects when considering γ-radiation in water. Irradiation increased water uptake (below 

1 wt.%) that can be a consequence of an increasing formation of polar groups (carbonyl 

groups) from oxidation. The NMR MOUSE was found to be a useful analytical tool to 

acquire information about the molecular mobility of the polymer system; It was possible 

to observe similar features seen from the CI and indenter modulus, including changes in 

the material as the dose increased and the significant changes occurring in the presence 

of air compared to in water.  
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6. Future work 
	  
The work summarised herein present several challenges and opportunities for further 
investigation: 
 

• Improve the understanding of portable NMR for condition monitoring and to 
develop methods for assessing cables and other inaccessible components in 
NPPs. This poses a very serious challenge, due to the metallic core of cables. 
NMR detection relies on radiofrequency (RF) fields penetrating the material but 
metal shields RF fields and that shielding effect depends on a complex manner 
on the geometry of the system. Therefore new magnet designs are needed for 
assessing cables containing metal shields.  

 
• There is a clear need for more studies on rubber ageing in water; assessing the 

thermal ageing and γ irradiation effects on the rubber.  
 

• The proposed separation methodology should be evaluated on “simplified” 
rubber formulations; this is essential to fully understand the different prevailing 
degradation mechanisms.    
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