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a b s t r a c t 

The present work describes the physical mechanisms of low temperature creep in irradiated and unirradi- 

ated metals. The slow inelastic deformations of solids under stress below the yield stress of the material 

are considered. For the problem of creep at cryogenic temperatures, the classical creep models are not 

enough. The purpose of this paper is to formulate a physically-based constitutive model of creep for irra- 

diated materials at cryogenic temperatures (liquid nitrogen 77 K, liquid helium, 4.2 K) based on the idea 

that a dislocation held up by a potential barrier can pass through it owing to the quantum-mechanical 

tunnelling effect. The problem is novel in the context of recognition of physical mechanisms taking place 

at cryogenic temperatures leading to the evolution of radiation induced defects under mechanical loads. 

Creep produced by the expansion of irradiation induced dislocation loops is considered. The kinetic law 

for evolution of a dislocation loop is proposed using the mechanism of development of a dislocation line 

over Peierls stress hills. Also, creep produced by the elastic interaction of a radiation induced point de- 

fects with existing dislocations in materials is regarded. Predicted creep rate behaviour as a function of 

stresses and dpa are presented which would need to be validated with data in irradiated materials. More- 

over, the new constitutive model of low temperature creep in unirradiated materials is formulated. The 

Glen-Mott quantum mechanical dislocation tunnelling effect allows extending the theory to the liquid he- 

lium temperature range. For this case of unirradiated materials, the creep curves validated experimentally 

for copper and stainless steel in cryogenic temperature are shown. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Low-temperature creep can be observed in many scientific in- 

truments connected to electronic, space and nuclear industries. 

etal and alloys used in cryogenic applications and additionally 

ubjected to irradiation show superior physical and mechanical 

roperties, also ductility. These materials cooled to cryogenic tem- 

eratures, nearly down to the temperature of absolute zero, sub- 

ected to constant stress amplitude during operation in the pre- 

ield regime may undergo time-dependent deformations that af- 

ect the intended performance. Contrary to popular belief, the 

reep phenomenon that leads to nonrecoverable deformation dur- 

ng a material lifetime might cause significant problems for appli- 

ations. For this reason, the creep mechanism in irradiated and 

nirradiated materials at extremely low temperatures (liquid ni- 

rogen 77 K, liquid helium, 4.2 K) should be explained. Physical 

rocesses realised at cryogenic temperatures are characterised by 
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he weakly excited lattice and lack of thermal energy. Experimen- 

al results carried out at extremely low temperatures (liquid ni- 

rogen 77K and liquid helium 4.2K) indicate that creep deforma- 

ions are observed immediately after applying loads [22,35] . De- 

ending on the applied stress, the creep deformations cause failure 

f the structural components even at low temperatures. For the 

roblem of creep at cryogenic temperature, classical creep mod- 

ls for elevated temperatures range are not enough. The literature 

ata [ 2 , 13 , 19 , 23 , 24 ] show that the creep rates extrapolated from

levated to extremely low temperatures are smaller even by sev- 

ral orders of magnitude. In fact, the creep rates at extremely low 

emperatures are only one or two orders of magnitude smaller 

han the creep rates at elevated temperature. Activation energy 

hanges indicate the mechanism changes for creep, so creep at 

ryogenic temperatures cannot be predicted by extrapolation from 

igher temperatures. The physical mechanisms of creep at ex- 

remely low temperatures are not yet fully established. The quan- 

um mechanical dislocation tunneling was first considered by Glen 

7] and Mott [17] who considered the possibility of moving low 

ctivation energy dislocation through the energy barriers as a con- 

equence of quantum phenomena. Weertman [34] has proposed 
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Fig. 1. Interaction of radiation with matter. 
 low-temperature dislocation creep model to account for the 

reep activation energies. Weertman [34] has also considered tun- 

eling through a Peierls potential. This paper provides a wealth 

f interesting analysis of the tunneling dislocation motion. In ad- 

ition, Gilman [6] determined the tunneling probability of dislo- 

ation motion. The temperature dependence of the process and 

honon-assisted tunneling are also discussed. 

In this paper, the physically based constitutive models of creep 

t extremely low temperature in irradiated and unirradiated met- 

ls are proposed. The creep mechanism is based on the hypothe- 

is that dislocations can pass through energy barriers due to the 

len-Mott quantum-mechanical tunneling effect. At low tempera- 

ures stress-activated nonrecoverable deformation occurs in solids. 

he constitutive relation for the activation energy and the stress 

equired to force a dislocation through the obstacles without the 

elp of temperature is adopted. The creep curves validated exper- 

mentally for copper and stainless steel in cryogenic temperature 

re shown. It is shown, that the creep rate determined by the tun- 

eling effect is in a good agreement with experiment. In this paper, 

he first formulation of constitutive model of creep at extremely 

ow temperature in irradiated materials is proposed. The constitu- 

ive model is based on the experimental estimation of concentra- 

ion of radiation induced defects (interstitials, interstitial clusters, 

acancies, vacancy clusters, dislocation loops) in stainless steel as 

 function of radiation damage dpa (displacement per atom). The 

otal creep rate is expressed by the respective components corre- 

ponding to relevant physical mechanisms responsible for the ir- 

adiation creep behaviour. The first term corresponds to the creep 

esulting from nucleation of dislocation loops and their expansion 

nder the mechanical loads. The relevant kinetics of evolution of 

adiation induced dislocation loop under mechanical loads is for- 

ulated. The second term arises from the effect of stress on the 

lastic interaction of a radiation induced point defects with exist- 

ng material dislocations. The kinetic law of motion of a disloca- 

ion segment under applied stress is proposed using the mecha- 

ism of development of a dislocation line over Peierls stress hills. 

he last term results from swelling. Predicted creep rate behaviour 

roduced by the expansion of irradiation induced dislocation loops 

s shown. 

. Physical behavior of irradiated and unirradiated metals at 

ow temperatures 

.1. Near 0 K thermodynamic instability 

The cryogenic involves a wide range of achievable temperatures. 

t is a very interesting issue due to the large number of physical 

henomena that occur within it. It is worth mentioning a few of 

hat such as quantum effects, superconductivity and superfluidity 

nd solid-state phase transformations. In applications of cryogen- 

cs liquefied gases like liquid helium (4.2 K) and liquid nitrogen (77 

) are commonly used. At extremely low temperature physical be- 

avior and properties of material completely changes. Thermody- 

amic principles have a fundamental meaning for cryogenic tem- 

eratures and constitute the basis for the explanation of physical 

echanisms responsible for the behavior of metals during creep at 

hese temperatures. 

For cryogenics, heat capacity defined in terms of derivative of 

ither the entropy or internal energy is a fundamental state prop- 

rty of matter. Furthermore, heat capacity is associated with the 

pecific heat, transient heat transfer, and thermal energy stored. 

n order to describe the behavior of metals at extremely low 

emperature it is assumed that the heat transport in the lattice 

s based on the phonon mechanism and the free electrons. In 

he case of solids, the phonon contribution to the heat capacity 

ominates. 
2 
However, the thermal conductivity connected with transport 

roperties at low temperatures is much smaller because the 

honon transport is less effective than electron transport. Addi- 

ionally, in the range of cryogenic temperatures a thermal contrac- 

ion resulting from a change in physical dimension of materials is 

bserved. It can be a big influence on the design of engineering de- 

ices, largely because the thermal contractions of different materi- 

ls vary considerably. An interesting phenomenon occurring at low 

emperatures is certainly superconductivity, state with essentially 

ero electrical resistance. With the discovery of high-field super- 

onductive materials, technical applications have come to fruition. 

n particular, superconductive magnets and superconductive elec- 

ronics are now fairly well-established applied subfields of super- 

onductivity. The mechanical properties of materials are of con- 

iderable importance in the design of cryogenic systems and en- 

er into calculations of failure modes in mechanical structures (see 

 26 , 30 ]). 

.2. Interaction of radiation with matter at low temperatures 

In order to investigate the irradiation creep problem the main 

rocesses that underlie the response of the irradiated material to 

tress should be recognized. The processes of the defect formation 

nd initial clustering, as well as the interaction between point de- 

ects which are the basis of the creep theory, should be considered. 

he processes are made up of several stages. The following consid- 

rations are carried out on the solids in which the atom locations 

re defined by the crystalline structure. The irradiation of metals 

y high energy particles leads to an interaction of energetic inci- 

ent particles with lattice atoms. Exposure to irradiation (flux of 

articles) implies creation of clusters of defects in the material. A 

eam of high energy particles is supposed to eject the atoms from 

heir thermodynamic equilibrium positions in the lattice and move 

hem to other places. Interstitials and vacancies are created ( Fig. 1 ). 

The energetic particles transfer their kinetic energy to the lat- 

ice atoms creating primary knock on atom (PKA), which, in turn, 

eads to the displacement of next generation of target atoms, the 

rocess is called collision cascade, [ 12 , 21 ]. 

As a direct result of the displacement process, and without any 

eed for point-defect diffusion, the point defects form clusters, 

ith the vacancies and interstitials condensing. Collision cascade 

sually contains a vacancy-rich core surrounded by a halo of inter- 

titial atoms. Osetsky [23] . Displacement phase of the collision cas- 

ade usually lasts about 10 −11 seconds, after about 10 −10 seconds 

he cascade is thermalized. Temperature has a very strong impact 

n the clustering process. At higher temperatures, the recombina- 
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Fig. 2. Formation of irradiation induced dislocation loops a) interstitial loop b) vacancy loop. 
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ion process is observed and as a result the number of clusters 

s reduced. At extremely low temperatures only limited recombi- 

ation takes place and a large fraction of micro-damage remains 

n the lattice [15] . The process of formation of irradiation induced 

islocation loops is shown in Fig. 2 . 

Often vacancy clusters collapse to form vacancy loops at the 

ite of the cascade ( Fig. 2 a). On the other side, the scattered inter-

titials nucleate interstitial loops ( Fig. 2 b). Interactions of disloca- 

ions with interstitials are more common. For this reason, intersti- 

ial loops tend to grow but vacancy loops tend to shrink and have 

 limited lifetime [16] . These phenomena such as point defects (va- 

ancies and interstitials) and dislocation loops formation are char- 

cteristic for irradiated materials and determine the physical ef- 

ects, and with the application of stress, the mechanical effects of 

rradiation. 

.3. Significance and assessment of low temperature creep 

The evaluation of damage generated in solids subjected to irra- 

iation is a major challenge in many technological domains con- 

ected to electronic, space and nuclear industries. Mathematical 

escription of the thermo-mechanical property changes of mate- 

ials during irradiation has fundamental meaning for the design of 

tructures operating in extreme conditions: nuclear reactor, com- 

onents of superconducting magnets, cryogenic lines in the parti- 

le accelerators, research and diagnostics instruments. There is a 

eed to understand how electronics and communications equip- 

ent performs in space, under irradiation and at cryogenic tem- 

eratures. In space, spacecraft, satellite and deep space probe as 

ell as electronics equipment and communications equipment are 

laced in an extremely harsh environment. They are subjected to 

emperatures near absolute zero, different levels of heightened ir- 

adiation and mechanical loads. These varying conditions cause 

ifferent types and amounts of damage to the material. The cru- 

ial role of material behavior in the unique radiation environment 

akes the constitutive modelling of irradiation effect on mechan- 

cal properties of the materials at extremely low temperatures a 

ubject of high importance. The problem is novel in the context of 
3 
ombination of physical mechanisms of nano/micro damage gener- 

tion in the lattice by a flux of particles and its further evolution 

nder mechanical loads at cryogenic temperatures. 

. Experimental evidence of low temperature creep 

.1. Low temperature creep in copper 

The creep behaviour of copper at the temperature of liquid he- 

ium (4.2 K) and liquid nitrogen (77 K) is exhaustively described 

ased on the provided experimental tests by Yen et al. [35] . The 

reep strain curves as a function of time at extremely low temper- 

ture are illustrated in Fig. 3 . 

The creep tests were conducted with the loads σ 1 = 20.7, 

2 = 34.5 σ 3 = 48.3 MPa and σ 4 = 62.1 MPa for periods up to 200 

. The tensile properties of copper at low temperatures are deter- 

ined by Yen et al. [35] . The yield strength at low temperature 4.2 

 is 38.5 MPa. The tensile properties of copper at 77 K are sim- 

lar to that at 4.2 K. The creep strain level strongly depends on 

he stress level and temperature. For the higher value of stress the 

reep strain increases. In particular, the strain measured in Cu af- 

er 100 h, under the stress of around 60 MPa is about 10 times 

arger than for 20 MPa at the same temperature. Whereas, the 

reep strain at 4.2 K is more than three times smaller than at 77 

 [35] . The primary creep stage is evident observed directly after 

oading, for all stress levels, at two temperature levels. The creep 

urves indicate that the length of the primary creep stage elon- 

ates and the primary creep strain increase with the increasing 

oads. Steady-state creep rate of annealed copper was determined 

uring the period longer than 130 hrs for three levels of loads, 20.7 

Pa, 34.5 MPa and 48.3 MPa. The experimental data and the ex- 

rapolations for the temperatures: 477 K and 77 K are presented in 

ig. 4 . 

The steady-state creep rate in liquid nitrogen (77 K) reaches 

bout 10 −11 1/s and increases with the increasing loads both for in- 

ermediate (477 K) and low temperature (77 K). It is worth point- 

ng out, that the creep rates at low temperatures reach the values 

maller only by one order of magnitude than the creep rates at the 
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Fig. 3. Creep strain as a function of time for copper at 4.2 K and 77 K (after [35] ). 

Fig. 4. Steady-state creep rate of annealed copper as a function of stress for 477 K and 77 K obtained from experimental data and extrapolations (after [35] ). 

Fig. 5. Steady-state creep rate of annealed copper as a function of temperature obtained from experimental data and extrapolations (after [35] ). 
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ntermediate temperature. Therefore, this is not possible to neglect 

his phenomenon. For comparison, the extrapolated creep rates 

rom intermediate temperature based on constant activation en- 

rgy and the creep rates obtained from experimental data at cryo- 

enic temperatures are shown in Fig. 5 . The experimental results 

ndicate that the creep rates obtained from experimental data re- 

ain much higher than the creep rates obtained from the extrapo- 

ation. Such huge disagreement indicates that another mechanism 

f creep deformation takes place at the extremely low tempera- 

ures. The steady-state creep rate of annealed copper as a func- 
4 
ion of temperature obtained from experimental data and extrapo- 

ations are presented in Fig. 5 after [35] . 

The slope change of the creep rate curves indicates the different 

echanisms of the activation energy for creep at intermediate and 

ow temperatures. 

.2. Low temperature creep in stainless steel 

Stainless steels are extensively used in the industrial appli- 

ations of extremely low temperature due to the possibility to 
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Fig. 6. Creep strain as a function of time for stainless steel 310S at 293 K, 77 K and 4.2 K (after [22] ). 
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ustain high stresses under elastic conditions. For example, the 

omponents of superconducting magnets, cryogenic lines in the 

article accelerators and coil cases of pool-cooled superconducting 

agnets for fusion reactors are made from stainless steels. Given 

he higher level of the yield stress of stainless steels when com- 

ared to copper, the creep tests are essentially performed at much 

igher stress levels. Creep strain curves for stainless steel 310S as a 

unction of time at liquid helium temperature (4 K), liquid nitrogen 

emperature (77 K), and room temperature (293 K) are presented 

n Fig. 6 after Ogata et al. [22] . Tensile tests were performed at se-

ected stress levels. The yield strength at each temperature level 

as determined by Ogata et al. [22] : σ 0 = 248 MPa at T = 293 K;

0 = 562 MPa at T = 77 K and σ 0 = 783 MPa at T = 4 K. 

The creep strain increased with the stress levels in all cases. 

teady state creep rates, measured after 200 h at the level of yield 

tress are of the order of 14 • 10 −10 1/s at 293 K and 0.83 • 10 −10 1/s

t 4.2 K. This entails that the creep rate for stainless steel 310S at 

iquid helium temperature (4.2 K) reaches significant values. There- 

ore it must be included during the design phase of construction 

lements working in liquid helium. However, 20% below the yield 

tress, the steady state creep rate at 4.2 K is practically equal to 

ero. 

. Physical mechanisms of creep deformation in metals at 

xtremely low temperatures 

Material hold at stress below yield stress for very short time 

ndergoes only elastic deformation, in case of long periods inelas- 

ic deformation can occur by creep. Thus, creep is understood as 

 temperature sensitive time-dependent nonrecoverable deforma- 

ion developing under the stress smaller than the yield stress. In 

eneral, deformation during a creep process results from diffusion 

ow, transport of the matter by the motion of thermal formation 

f vacancies and atomic diffusion. Alternative creep mechanisms 
5 
re the dislocation climb over obstacles, dislocation glide along the 

lip plane and the dislocation cross-slip [ 1 , 4 , 8 ]. Due to appearing

tress fields in the material, dislocations can interact with each 

ther, with foreign atoms and impurity defects. These interactions 

re the main physical mechanisms for creep. Creep is essentially 

 temperature dependence process. The probability of dislocations 

otion or formation of vacancies has a strong dependence on the 

ctivation energy. Increase of temperature leads to accumulation 

f the thermal energy required to trigger the proper creep mech- 

nism. On the other hand, creep is also dependent on the applied 

tress to the material [28,29,36] . The stress level obtained inside 

aterial is a decisive factor for activation of the appropriate creep 

echanism. 

Radiation significantly increases the creep rate in comparison 

o the creep rate induced by thermal creep or creep induced by 

ther possible mechanisms. Radiation leads to creation of point de- 

ects in the solid whereas irradiation creep causes the evolution of 

icrostructure by the interactions between interstitials, vacancies 

nd dislocation loops produced by the radiation and atoms in the 

attice structures. The effect of increase radiation induced damage 

auses only minimal acceleration of thermal creep, it also does not 

ncrease diffusional creep rate. Rather, irradiation creep can be un- 

erstood as a process leading to evolution of radiation damage mi- 

rostructure in metals under the applied stress. Radiation can also 

ead to nucleation of dislocation and the bowing of existing dis- 

ocation lines by absorption of defects [20] . The process of radia- 

ion induced defects absorption depends on their orientation with 

espect to the external stress and afterwards it causes a micro- 

copic creep strain [33] . Another deformation mechanism activated 

reep, swelling is understood to be the climb and glide mechanism 

ue to the absorption of interstitials on dislocations unassisted by 

tress. This process causes swelling of the irradiated solids due to 

he precipitation of gas bubbles. Irradiated materials eventually be- 

ome highly porous and internal pressure develops Ustrzycka et al. 
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Fig. 7. Activation energy plotted against the progress of the process. 

Fig. 8. The activation energy for steady-state deformation creep of Cu and Al as a 

function of temperature (after [14] and [9] and [11] ). 
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Fig. 9. Classical (over the barrier) motion vs. quantum (through the barrier) me- 

chanical tunneling of dislocations. 
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27,32] . It is worth pointing out, that under irradiation, there is the 

ossible deformation that is "geometric" and/or volumetric in na- 

ure, unlike the thermal and stress induced creep. 

.1. Thermal activation during creep 

The mechanisms of creep deformation in metals at cryogenic 

emperatures are generally based on an activation energy U . The 

ctivation energy is understood as the energy which should be 

ntroduced into the system in order to activate a physical phe- 

omenon. Activation energy can be thought of as the magnitude 

f the potential or energy barrier ( Fig. 7 ). 

At elevated temperatures, the activation energy U can be calcu- 

ated based on the Arrhenius type creep rate equation 

˙  c = −A 

(
σ

E 

)n 

exp 

(−U 

RT 

)
(1) 

Knowing the ratio σ /E , the activation energy U for steady-state 

reep rate can be expressed in the following form 

 = −R 

( 

∂ ln ̇ ε c 

∂ 
(

1 
T 

)
) 

| σ/E (2) 

The activation energy for steady-state deformation creep of Cu 

nd Al as a function of temperature is presented in Fig. 8 . It should

e noted, that that the activation energy dramatically decreases for 

he temperatures lower than 0.3 T m 

, where T m 

denotes the melting 

emperature. The values of activation energy are much lower than 

t higher temperatures, where the mechanism of creep deforma- 

ion is associated with dislocations creep or dislocations climb. 

The change in the activation energy at lower temperatures indi- 

ates a change in the creep mechanism. Different creep mechanism 

han the dislocations climb is activated. 
6 
Thus, the activation energy must change for creep to occur at 

ryogenic temperatures, which has been experimentally confirmed. 

.2. Quantum-mechanical tunneling of dislocations 

The purpose of this paper is to explain the creep mechanism 

t low temperatures, based on the idea that a dislocation can pass 

hrough the potential barrier due to the quantum-mechanical tun- 

eling effect. Fig. 9 shows a schematic model of a classical motion 

s. quantum mechanical tunneling of dislocations . In the context of 

lassical mechanics, the dislocations with energy higher or equal 

o potential energy barrier U 0 reach the final state by passing over 

he barrier. In the case of the smaller activation energy than U 0, 

he dislocations collide and glance off the barrier. Thus, according 

o classical mechanics controlled by the law of conservation of en- 

rgy, dislocations must climb the potential barrier to appear on the 

ther side of the barrier. In the framework of quantum mechanics 

ince all dislocations have a wave character, the dislocations with 

nergy U can pass through the barrier due to mechanical tunneling 

f dislocations, x represents distance measured in the direction of 

otion of the particle. 

The proposed mechanism of quantum tunneling of dislocations 

o explain the creep process at very low temperature enables a 

ompletely new dynamics of dislocations due to their wave prop- 

rties. It should be noted that the mechanisms offered by classical 

echanics are completely blocked at extremely low temperatures. 

uantum mechanical tunneling of dislocations opens the new op- 

ortunity to set in motion the dislocations at the temperature of 

iquid nitrogen and helium. Quantum mechanics allows dislocation 

ith less energy to tunnel through the barrier even if its energy is 

ess than the potential energy of the barrier. 

.3. Peierls lattice resistance mechanism 

The other mechanism responsible for creep in solids is con- 

ected with the Peierls stress field. This mechanism is realised by 

he motion of dislocations by overcoming the periodic lattice resis- 

ance in solids. Peierls stress is the stress required to overcome the 

eriodic potential barrier on the slip plane. In this case, the dis- 

ocation is moving in a Peirels potential which is characterised by 

ills and valleys of potential energy. During this process the Peirels 

tress hills control the dislocation motion. This mechanism allows 

islocations to move to overcome the Peierls potential after expan- 

ion under the stress of a jog in. Dislocation line located in the 

lace of minimum potential energy is thrown over Peierls hill into 

he following Peierls valley. If the Peierls stress is impossible to 

chieve, dislocation lines move along determined crystallographic 
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Fig. 10. Double-kink of a dislocation line by overcoming Peierls potential. 
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irections. The overcoming the Peierls stress is a necessary condi- 

ion to move a dislocation line one atomic distance. The motion of 

islocation by overcoming Peierls potential is shown in Fig. 10 . 

Initially, the dislocation line is located along a crystallographic 

irection (slip system). Under the action of an applied stress 

ouble-kink moves a short section of dislocation line over to the 

ext equilibrium position with the minimum potential energy. 

hen, the broke short section of dislocation line will be moved 

part under the applied stress until the whole dislocation line has 

oved an atomic distance. In the next step, under the applied 

tress the displaced short section of dislocation line will be moved 

part even more until the whole dislocation line has moved an 

tomic distance. An expression that specifies the minimum energy 

 needed to run the process has been proposed by Seeger et al. 

25] in the form 

 = E k 

(
1 + 

0 . 25 ln 16 σp 

πτ

)
(3) 

here E k is the kink energy of dislocations, σ p denotes the Peierls 

tress and τ is the resolved shear stress. This mechanism based on 

he Peierls potential has been observed experimentally for the low 

emperature (1.4 to 76 K) nonrecoverable deformation of metals by 

oval et al. [13] . This mechanism is characterized by low activation 

nergy, the kink energy was estimated based on the internal fric- 

ion study (0.04eV) and it was confirmed experimentally . Further- 

ore, the mechanism connected with Peierls stress is characterised 

y small activation volume equal to approx. 10 b 2 . The length of 

islocation segment is equal to ten times of Burgers vector b . Based 

n the experimental results for copper Koval et al. [13] concluded 

hat steady-state creep is controlled by the mechanism based on 

he Peierls potential. In the other paper, presented by Tien and Yen 

31] has shown that dislocation mechanism is responsible for tran- 

ient creep. The above analysis has shown that mechanism based 

n the Peierls potential can become rate-controlling in metals dur- 

ng the secondary stage after a dislocation mechanism associated 

ith mobile dislocations interactions has been completed. How- 

ver, it is imperative to conduct long-term testing for a complete 

nderstanding of cryogenic creep behavior of materials. 

The velocity of motion of a dislocation segment under applied 

tress smaller than the Peierls stress has been calculated by Seeger 

25] 

dx 

dt 
= 

νLa 

b 
exp 

(
− U 

kT 

)
exp 

(
πσU 

2 σp kT 

)
(4) 

here ν denotes the frequency of vibration of a dislocation line, L 

s a length of dislocation segment, a is the distance between Peierls 

ills, k is Boltzmann’s constant, and T is the absolute temperature. 
7 
he L/b term comes in because there are many ways of creating 

he two jogs in a segment of length L . It is worth pointing that

t a low-stress state velocity of motion of dislocation segment is 

ndependent of stress. 

. Constitutive modelling of low temperature creep 

.1. Model of quantum-mechanical dislocation tunneling 

The activation energy observed for dislocation motion during 

ow-temperature creep is temperature independent. Low tempera- 

ure creep experiments show that in the liquid helium temperature 

ange stress-activated creep deformation occurs in solids [ 22 , 35 ]. 

he theory of creep at extremely low temperatures is based on the 

len-Mott quantum-mechanical dislocation tunneling effect [17] . 

he dislocations not thermally activated can pass through an en- 

rgy barrier because of the quantum-mechanical tunneling effect. 

he possibility of the tunnel effect arises from the fact that the 

nergy barrier becomes low and narrow when applied stress ap- 

roaches the stress required to force a dislocation through the ob- 

tacles. Following Glen’s and Mott’s suggestion one assumes that 

ctivation energy to form a jog, and thus to pull a dislocation 

hrough a barrier is given in the following form 

 = U 0 

(
1 − σ

σ0 

)3 / 2 

(5) 

here σ denotes the stress acting on the dislocation and σ 0 is the 

tress required to force a dislocation through the obstacles without 

he help of temperature, U 0 denotes the jog energy. The distribu- 

ion of stress-dependent activation energy U as a function of stress 

s shown in Fig. 11 for two types of materials (stainless steel and 

opper) at 7 K and 77 K. The value of creep activation energy U 0 

or copper at the temperature of liquid nitrogen (77 K) was esti- 

ated by Yen et al. [35] at around 0.02 eV. The typical level of 

ctivation energy was obtained from a plot of ln ̇ ε versus the re- 

iprocal inverse of the absolute temperature (see [35] ). This is two 

rders of magnitude less than the activation energy measured in 

opper at elevated temperatures. Similar results were obtained for 

tainless steel. 

These differences in creep activation energy values at cryogenic 

nd elevated temperatures indicate differences in the dislocation 

ynamics between the cryogenic and the enhanced temperatures. 

he increased barrier height is expressed by a simple function de- 

endent on the applied stress 

 = W 0 

(
1 − σ

σ0 

)3 / 2 

(6) 

here W is of order a few electron volts. 
0 
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Fig. 11. The activation energy for 310S and Cu as a function of stress at 4K and 77 

K. 

Fig. 12. Width of the potential barrier as a function of stress for 310S and Cu at 4K 

and 77 K. 
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Width of the barrier reads 

 = a 

(
1 − σ

σ0 

)1 / 2 

(7) 

here a is of the order of an interatomic distance. 

The distribution of the width of the potential barrier as a func- 

ion of stress for 310S at 77 K is shown in Fig. 12 . The nature of

he curves shows a strong dependence on the σ 0 dislocation un- 

inning stress. 

The purpose of the present discussion is to show that tunnel- 

ng can account for stress-activated flow. This implies that conven- 

ional thermal-activation models are often inappropriate, although 

hey become appropriate when the temperature is high and the 

ocal internal stress is low. When quantum tunneling mechanism 

s responsible for creep deformation the temperature-dependent 

erm should be replaced by the term expressed the tunneling 

robability. 

Gilman [6] derived the probability of tunneling as 

 = exp 

(
−mH 

2 
0 

4 h̄ 

2 σb 

)
(8) 

here σ denotes applied stress, m is an effective mass of moving 

islocation (atomic mass per atomic plane cut by it [17] ), H 0 is the

otal binding energy per unit length of dislocation, μ is the shear 

odulus and b denotes Burgers vector. Gilman [6] further simpli- 

ed Eq. (8) by using several assumptions and approximations giv- 

ng the following simplification for the tunneling probability 

 = exp 

(
−βμ

σ

)
(9) 

here β is a coefficient determined from experiments. Eq. (9) in- 

icates that the tunneling probability, and hence the rate of stress- 

ctivated flow, is a very strong function of the applied stress. For 
8 
he sake of completeness, Gilman’s derivation of the probability of 

uantum tunneling of dislocation motion in Appendix is provided. 

In the regime where quantum mechanical dislocation tunnel- 

ng is important, the tunneling process can be phonon-assisted 

hich creates a special form of temperature dependence because 

honons exhibit tunneling behavior where heat can be transferred 

ia phonons. 

.2. Dislocation loops creep model 

A low-temperature dislocation loops creep model was proposed 

y Weertman [34] to account for the creep activation energies. The 

roposed model allows formulating a general constitutive equation 

or transient and stationary creep. 

The theory proposed by Weertman [34] is applicable under easy 

lide conditions where the spacing of the dislocations remains 

onstant but should not be used when double glide occurs and the 

pacing of the dislocations becomes small. One would expect that 

n this case dislocation intersections are an important mechanism. 

n the Weertman approach the creep deformation is generated by 

he expansion of dislocation loops created at the Frank-Read dislo- 

ation sources. The creep rate is given in the following form 

˙  = bπρ
(
σe f f 

)
v d R 

2 (10) 

here v d is the rate of dislocations production, R denotes the aver- 

ge radius to which a dislocation loop expands, and ρ( σ eff) is the 

ensity of sources active at effective stress. An effective stress σ eff

eans as applied stress minus the internal stress. The stress nec- 

ssary to activate a dislocation source of length L is expressed in 

he form of a known phenomenological equation 

= 

bμ

L 
+ σd + h e (11) 

here h e is the hardening stress caused by dislocations and point 

efects created during deformation, σ d is constant stress which 

rises from point defects and dislocations present before deforma- 

ion, and μ is a shear modulus. The first term in Eq. (11) is equiv-

lent to the stress needed to activate a source of length L in the 

bsence of internal stresses. 

Here the spacing of the dislocation forest is L which is smaller 

han the length of the source. The loop can be expanded through 

he forest only if the effective stress is raised to a value of the or-

er of μb/L . Weertman [34] analysis showed that the expansion of 

he dislocation loop is not possible if the spacing of the dislocation 

orest is smaller than the source length. Fig. 13 shows the disloca- 

ion loop created at a source of length L’ unable to move through a 

orest of spacing L. In the present case, the stress level is sufficient 

nly to activate the source and is not sufficient to activate the dis- 

ocation loops without the aid of thermal stresses. There is possi- 

le the evolution of the dislocation loop if the spacing of the forest 

n the immediate neighbourhood of the source is of the same di- 

ension or larger as the source. Fig. 13 shows the forest spacing L’ 

quals the source of length out to a distance L ∗, beyond which the 

orest spacing returns to the value of L . At a stress level of μb /L’

he dislocation loop can evolve to the radius L ∗. 

Fig. 14 shows a schematic plot of the distribution of the density 

f sources. At effective stress σ eff= μb/L practically all of the sources 

re activated. At stress σ eff= βμb/L , where β is a constant fraction, 

nly a few numbers of sources are active. 

The function of distribution of the density of sources ρ( σ eff) can 

e obtained experimentally from observations of dislocation net- 

orks. The rate of expansion of a dislocation loop of radius r is 

alculated from Weertman’s theory [34] and takes the form 

˙ 
 = 

νra 

b 
exp 

(−U 

kT 

)
(12) 

here a is the distance between Peierls hills. 
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Fig. 13. a) Dislocations loop created at a source of length L’, b) Dislocation loop expanded through the forest of spacing L’ out to a radius of L ∗ . 

Fig. 14. Number of sources with expandable loops activated at different stress 

levels. 

e

U

i

ν

w

R

ε

s

i

6

i

u

t

l

g

i

a

c

n

i

p

t

s

a

i

m

c

t

l

t

t

t

e

i

n

v

c

t

a

c

a

c

e

s

c

p

g

r

According to Weertman’s theory [34] the activation energy U is 

xpressed as a function of the Peierls stress 

 = 

4 ab 

π

√ 

2 μσp ab 

5 π
(13) 

The frequency of vibration of a dislocation line ν is expressed 

n the form 

= 

υt 

a 

√ 

5 μσp 

2 μb 
(14) 

here υt is the velocity of shear waves in the metal. 

Since R is approximately ˙ r /L , including Eq. (12) one obtains 

 = 

νa 

b 
exp 

(−U 

kT 

)
(15) 

Finally, the creep rate is expressed in the following form 

˙  = πνa R 

2 ρ
(
σe f f 

)
exp 

(−U 

kT 

)
(16) 

The density of sources ρ( σe f f ) decreases for increasing creep 

train. Eq (16) indicates that the creep rate decreases with increas- 

ng strain. 
9 
. Constitutive modelling of low temperature creep in 

rradiated materials 

The constitutive modelling is playing an important role in the 

nderstanding of fundamental mechanisms governing microstruc- 

ural evolution in materials subjected to irradiation at extremely 

ow temperatures. The effort s to develop validated methodolo- 

ies capable of predicting microstructural evolution and mechan- 

cal property changes have been hampered by problems associ- 

ted with the physical understanding of radiation in the cryogenic 

onditions. These challenges are ultimately caused by the highly 

on-linear nature of scale-dependent processes and by the lim- 

ted understanding of their interactions. It has to be clearly em- 

hasised that in the available literature there is a lack a constitu- 

ive description of the thermo-mechanical property changes of the 

olid materials subjected to irradiation at extremely low temper- 

tures. Available literature models describe materials subjected to 

rradiation at elevated temperatures. One of them is a constitutive 

odel for irradiated materials proposed by Ehrlich [5] . Admittedly, 

hanges of dislocation densities as a function of fluence was in- 

roduced, but the creep deformation was explained by the interre- 

ation of irradiation creep and swelling. Thus, this model predicts 

hat the temperature-dependence of irradiation creep will follow 

hose of swelling. Unfortunately the data available do not allow 

o confirm such a creep behaviour. Simple irradiation creep mod- 

ls were reviewed by Matthews and Finnis [16] . A stress effect on 

nterstitial loop nucleation was analysed, but the physical mecha- 

isms that bind them remained still unknown. Ehrlich [5] analysed 

oid growth and coalescence for irradiated FCC single crystals. Me- 

hanical modelling of irradiation creep and application of results 

o the analysis of creep crack growth was proposed by Murakami 

nd Mizuno [18] . 

The radiation induced defects like vacancies, interstitials, va- 

ancy loops and interstitial loops interact with the microstructure 

t extremely low temperature resulting in modification of the me- 

hanical properties of the material. The evaluation of damage gen- 

rated in solids exposed to a harsh environment that combines 

tress, extremely low temperature, and radiation fields is a major 

hallenge in many technological domains connected to coil cases of 

ool-cooled superconducting magnets for fusion reactors and cryo- 

enic lines in the particle accelerators electronic. 

In this paper the new physically based creep model for mate- 

ials subjected to irradiation at extremely low temperatures has 
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Fig. 15. Number of density of dislocation loops and mean diameter as a function of 

irradiation dose (for austenitic stainless steel, based on Courcelle et al. [3] ). 
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een built. The total creep rate is expressed by the respective com- 

onents corresponding to relevant physical mechanisms responsi- 

le for the irradiation creep behaviour 

˙  = ˙ ε LE + ˙ ε DA + ˙ ε S (17) 

The first term ˙ ε LE represents the creep resulting from preferred 

ucleation of dislocation loops and their expansion under the me- 

hanical loads, it is connected with SIPN. The second term ˙ ε DA 

rises from the effect of stress on the elastic interaction of a radia- 

ion induced point defects with dislocations and is connected with 

IPA. The third term ˙ ε S is swelling produced by climb and glide 

ue to the absorption of interstitials on dislocations unassisted by 

tress. This effect is, however, a matter of separate study. 

The proposed creep model is based on the experimental esti- 

ation of concentration of lattice defects (vacancies, interstitials, 

acancy loops and interstitial loops) in austenitic stainless steel as 

 function of damage parameter dpa (displacement per atom), and 

omprises the relevant kinetics of evolution of radiation induced 

efects under mechanical loads at cryogenic temperatures. 

.1. Creep produced by the expansion of irradiation induced 

islocation loops 

Irradiation leads to creation of point defects like intersti- 

ials atoms and vacancies. Both types of defects can cluster to 

orm dislocation loops. During irradiation interstitial loops develop 

nd evolve. The elastic incompatibility connected with interstitial 

toms leads to stronger interaction of dislocations with interstitials 

han vacancies. Ultimately, the interstitial loops formed from clus- 

er of interstitials develop into a dislocation structure. Finally, dur- 

ng irradiation, interstitial loops create stable defects in the form 

f dislocation loops, whereas vacancy loops are unstable. 

Assumptions in mathematical modelling of low temperature 

reep of irradiated material 

• interstitials and vacancy loops result due to irradiation 

• dislocation loops evolve under mechanical loads 

• motion of dislocation lines over the Peierls stress hills is the 

rate controlling process in creep 

• Glen-Mott quantum mechanical dislocation tunneling effect al- 

lows extending the theory to the liquid helium temperature 

range 

Creep is produced by the expansion of irradiation induced dis- 

ocation loops under mechanical loads. The creep rate is expressed 

y the following general equation 

˙  LE = b q l ( dpa ) ˙ r ( dpa, σ ) R 

2 ( r, σ, dpa ) (18) 

here q l (dpa) is the density of dislocation loops, σ is applied 

tress, ˙ r ( dpa, σ ) is the average rate of expansion of dislocation 

oop of radius r, R is the average radius to which a dislocation 

oop expands. The measure of radiation damage in the solid is dis- 

lacements per atom ( dpa ). The density of dislocation loops and 

he average size plotted against irradiation dose are obtained ex- 

erimentally by Courcelle et al. [3] from observations of disloca- 

ion networks and dislocations dynamics simulation. Distribution 

f the density of dislocation loops and mean diameter is shown in 

ig. 15 . 

A power function reflect dependence between the density of 

islocation loops and the dpa variable, reads 

 l = 

{
C 1 ( dpa ) 

n 1 f or dpa < D s 

C 2 ( dpa ) 
n 2 f or dpa ≥ D s 

(19) 

In the vicinity of threshold value D s , further evolution of dis- 

ocation loops size ceases (cf. [20] ). The average dislocation loop 

adius r is expressed by 

 = 

{
C r ( dpa ) 

n r f or dpa < D s 

r 0 f or dpa ≥ D s 
(20) 
10 
here C 1 , C 2 and C r are the material parameters. The rate of ex- 

ansion of a dislocation loop can be calculated using the mecha- 

ism of development the velocity of a dislocation line over Peierls 

tress hills. The rate of expansion of a dislocation loop of radius r 

s 

˙ 
 ( σ, dpa ) = 

(
νr ( σ, dpa ) a 

b 

)
exp 

(
− U 

kT 

)
(21) 

here a is the distance between Peierls hills. Seeger [25] stated 

hat the dislocation line moves over the Peierls hill not as a whole 

ather in small parts. The activation energy Eq. (13) and the fre- 

uency of vibration of a dislocations loop Eq. (14) is adopted ac- 

ording to Weertman’s theory. 

Assuming that the quantum tunneling mechanism is responsi- 

le for creep deformation the temperature-dependent term exp (- 

/kT) is replaced by the term expressed the tunneling probability 

xpressed by Eq. (9) . The rate of expansion of a dislocation loop 

akes the form 

˙ 
 ( σ, dpa ) = 

(
νr ( σ, dpa ) a 

b 

)
exp 

(
−βμ

σ

)
(22) 

Integration Eq. (22) allows obtaining the average radius to 

hich a dislocation loop expands under tension 

 ( σ, dpa ) = r ( dpa ) exp 

((
νa 

b 

)
exp 

(
−βμ

σ

)
t 

)
(23) 

Expansion of the average radius of a dislocation loop under 

tress is shown in Fig. 16 . 

The average radius of a dislocation loop evolution under ten- 

ion as a function of time show exponential response. The higher 

alue of tunneling probability significantly accelerates the disloca- 

ion loop size ( Fig. 16 a). The initial value of radiation defects is 

bvious ( Fig. 16 b). 

The critical value of radius of dislocation loop, at the moment of 

upture, is designated by r c . Substituting Eq. (23) into Eq. (18) one 

btains the creep rate produced by the expansion of dislocation 

oops 

˙  LE = q l νa exp 

(
−βμ

σ

)
r 3 e 

t ( νa 
b ) exp 

(
−βμ
σ

)
(24) 

The creep rate behaviour predicted by Eq. (24) is reported in 

ig. 17 . Immediately, after application of load some nonzero creep 

ate ˙ ε 0 resulting from the evolution of radiation induced disloca- 

ion loops is observed. 

The creep deformations observed at extremely low tempera- 

ures are instantly after applying loads proportional to exp(t) . This 

s known as a primary creep. The primary creep is of fundamen- 

al importance in the engineering applications because it makes 

t possible to include the work-hardening processes occurring at 
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Fig. 16. Predicted expansion of average radius of a dislocation loop under stress a) for different tunneling probability values ( P 1 < P 2 < P 3 < P 4 ) as a function of time b) as a 

function of dpa. 

Fig. 17. Predicted creep rate behaviour produced by the expansion of irradiation induced dislocation loops a) as a function of stresses ( σ 1 >σ 2 >σ 3 >σ 4 ) b) for different dpa 

( dpa 1 > dpa 2 > dpa 3 ). 
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xtremely low temperature. In the primary creep stage, the creep 

ate changes with time. In the secondary creep stage, it can be ex- 

ected that the creep strain rate stabilizes at a constant value, and 

he creep strain becomes linear function of time. Similar effect was 

bserved by Yen et. al. [35] during the tests of materials carried 

ut at extremely low temperatures. The creep strain rate reaches 

 constant value. Finally, during the last third stage the creep rate 

tarts to increase rapidly, which inevitably leads to creep rupture. 

he critical value of creep rate is designated by ˙ ε c . In order to esti-

ate the lifetime of the components controlled by the creep rup- 

ure, the key issue is analysis of the behavior of tertiary creep. The 

econdary and tertiary creep of materials at extremely low temper- 

tures has not been explained here due to fact, that there was lack 

f experimental data related to long-time creep tests at cryogenic 

emperatures. 

Experimental tests of irradiated materials at cryogenic temper- 

tures are complicated, laborious, time consuming, expensive, and 

equire advanced experimental equipment. For this reason, there is 

 lack of such tests, and there is no set of creep data for irradi-

ted metals used at cryogenic temperatures. Therefore, the experi- 

ental validation of the proposed constitutive model for irradiated 

aterials at extremely low temperature at this point is not possi- 

le. Integrating Eq. (24) with respect to time allows to obtain the 

xpression for creep rate 

 ε LE = ∫ q νa r 3 e 
−βμ
σ e ( 

νa 
b ) e 

(
− −βμ

σ

)
t 

dt (25) 
l 

11 
Using the relations: e x = 

∞ ∑ 

n =0 

(x ) n 

n ! and e e 
x = 

∞ ∑ 

n =0 

( e x ) n 

n ! = 

∞ ∑ 

n =0 

e nx 

n ! the 

ntegral expression in Eq. (25) is defined by the following power 

eries 

 

( νa 
b ) e 

(
− −βμ

σ

)
t 

= 

∞ ∑ 

n =0 

(
νa 
b 

)n 
e 

n 

(
−βμ
σ

)
t 

n ! 
(26) 

Finally, Eq. (25) takes the form 

 ε LE = q l νa r 3 e 
−βμ
σ ∫ e ( 

νa 
b ) e 

(
− −βμ

σ

)
t 

dt = q l νa r 3 e 
−βμ
σ

∞ ∑ 

n =0 

(
νa 
b 

)n 

n ! 
∫ e n 

(
− βμ

σ

)
t 
dt 

(27) 

Finally, the creep strain takes the form 

 LE = q l νa r 3 e 
−βμ
σ

∞ ∑ 

n =0 

(
νa 
b 

)n 

n ! 

(
− σ

nβμ
e −

nβμ
σ t + C ε 

)
(28) 

here C ε is constant parameter. In the liquid helium temperature 

ange the application of Eqs. (24) and (28) leads to difficulties. In 

hese temperatures these equations predict that creep strain will 

ccur for stress close to the Peierls stress. The experimental results 

or unirradiated materials indicated appreciable creep at moderate 

tresses in this temperature range [ 22 , 35 ]. One might expect that 

or irradiated materials the creep strain will be even greater. 
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Fig. 18. The motion of a dislocation line with the aid of interaction of radiation 

induced point defects with existing dislocations in materials. 
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∫

.2. Creep produced by the elastic interaction of a radiation induced 

oint defects with existing dislocations in materials 

The following section presents the constitutive model of creep 

ppropriate for metals cooled to cryogenic temperatures subjected 

o radiation and constant stress amplitude. Here, creep arises from 

he effect of stress on the elastic interaction of a radiation in- 

uced point defects with existing dislocations in materials. There 

re a large number of interstitials atoms and cavities in irradiated 

aterials which can interact with existing dislocations employing 

eierls energy in their immediate neighbourhood. The course of 

his process is illustrated in Fig. 18 . Interstitials atoms exert an at- 

ractive force on a dislocation line which is not quite large enough 

o pull a dislocation jog over into the next Peierls valley. Lastly, it 

hould be taken into account that not all the irradiation points de- 

ect exert the same attractive or repulsive force on a dislocation. 

ormation of a jog at point B requires the larger activation energy 

han at points A and C. 

Some of point defects have a strong enough force to pull a dis- 

ocation jog over the Peierls hill. For the impurity atom located at 

oint E the dislocation line does not break as a result of expanding 

wo jogs A and C. Thus the Peierls energy may be reduced in the 

resence of interstitial atom to a value much smaller than activa- 

ion energy of creep at intermediate temperatures. But creep acti- 

ation energy at temperatures well above the liquid helium range 

s not necessarily reduced [34] . 

The creep rate resulting from interaction of a radiation induced 

oint defects with existing dislocations in materials is expressed 

y the following general equation 

˙  = q d ( dpa ) 
dx 

dt 
( σ ) L 

2 (29) 

here q d (dpa) is the density of radiation induced point defects, σ
s applied stress, dx/dt is the velocity of motion of a dislocation 

egment, L is the average distance to which a dislocation line relo- 

ate. The velocity of motion of a dislocation segment under applied 
12 
tress is proposed in the form 

dx 

dt 
= 

νLa 

b 
exp 

(
−βμ

σ

)
(30) 

here ν the frequency of vibration of a dislocation line, L denotes 

 length of dislocation segment, a is the distance between Peierls 

ills. 

Finally, the creep rate takes the form 

˙  = q d ( dpa ) 
νLa 

b 
exp 

(
−βμ

σ

)
L 

2 (31) 

In the range cryogenic temperatures irradiated defects and 

ther impurities are extremely important since they may permit 

unneling and thus give rise to Glen-Mott type creep and, paradox- 

cally, soften a crystal by permitting dislocation motion at stresses 

ell below the Peierls stress. 

. Constitutive modelling of low temperature creep in 

nirradiated materials 

The following section presents the constitutive model responsi- 

le for creep in metals cooled to cryogenic temperatures subjected 

o constant stress amplitude are considered. The starting point is 

he assumption that the creep rate may be described as a product 

f two separate functions of stress and temperature 

˙  c = f σ ( σ ) f T ( T ) (32) 

The commonly used functions of stress are: 

× power law 

f σ ( σ ) = ˙ ε 0 

(
σ

σ0 

)n 

(33) 

× exponential law 

f σ ( σ ) = ˙ ε 0 exp 

(
σ

σ0 

)
(34) 

× hyperbolic sine law 

f σ ( σ ) = ˙ ε 0 sinh 

(
σ

σ0 

)
(35) 

here ˙ ε 0 is the reference creep rate, σ 0 is the reference stress and 

 is a material constant. The dependence on the temperature is 

sually expressed by the Arrhenius law 

f T ( T ) = exp 

(
− U 

kT 

)
(36) 

The constitutive relation for the creep rate in metals cooled to 

ryogenic temperatures is adopted in the following form 

˙  c = Aexp 

(
− U 

k B T 

)
exp ( B ( σ − h ε c ) ) (37) 

here ε is the creep strain, ˙ ε the creep rate, σ the stress, A and 

 are constants, k is Boltzmann’s constant, T the absolute tempera- 

ure, U is activation energy, and h is the coefficient of strain hard- 

ning (h = d σ /d ε) . It is important that the temperature does not en-

er into the exponential stress term in Eq. (40) and the activation 

nergy does not depend on temperature. 

Separation of variables allows one to solve Eq. (37) 

d ε c 

exp ( B ( σ − h ε c ) ) 
= Aexp 

(
− U 

k B T 

)
dt (38) 

Eq. (38) is simplified by substituting x = σ -h ε c and d ε c = -dx/h .

 

−dx 

h exp ( Bx ) 
= ∫ Aexp 

(
− U 

k B T 

)
dt (39) 
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Fig. 19. A) Numerical model versus experiment for Cu at 77K for two levels of loads σ= 20.7 MPa and σ= 34.5 MPa B) Numerical model versus experiment for 310S at 77K 

for two levels of loads σ= 450 MPa and σ= 562 MPa. 

Fig. 20. Creep strain for based on the model a) for Cu at 77K for two levels of loads σ= 20.7 MPa and σ= 34.5 MPa b) for 310S at 77K for two levels of loads σ= 450 MPa 

and σ= 562 MPa. 

Table 1 

Material parameters. 

parameters parameters values 

U 0 0.02 [eV] (Mott [17] ) 

h 130 [GPa] for Cu [35] , 196 [GPa] for 310S [22] 

σ 0 σ 0 = 38.5 [MPa] for Cu at T = 77 [K] [35] 

σ 0 = 248 [MPa] for 310S at T = 293 [K] [22] 

σ 0 = 562 [MPa] for 310S at T = 77 [K] [22] 

σ 0 = 783 [MPa] for 310S at T = 4 [K] [22] 

k 8.617 × 10 −5 [eV/K] 

a 3–5 atomic distances (Kamimura [10] ) 

σ p 1.4 [MPa] (Kamimura [10] ) 

μ 25 [GPa] (Al; Kamimura [10] ) 

ν 10 11 -10 12 [Hz] (Mott [17] ) 
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Integrating both sides of Eq. (39) one obtains the logarithmic 

reep equation 

 

c = 

σ

h 

+ 

1 

Bh 

ln 

(
ABh exp 

(
− U 

k B T 

)
t 

)
(40) 

The quantum mechanical tunneling phenomenon is proposed to 

xplain the creep at extremely low temperature for unirradiated 

aterials. The activation energy is adopted according to Glen-Mott 

odel Eq. (5) . The parameters needed to estimate the profile of 

reep rate according to Eq. (31) are given in Table 1 . 

The creep behaviour predicted by the model is reported in 

ig. 19 . Comparison of the creep curves between the experimen- 

al results and the numerical simulations for copper at 77K for 

wo levels of loads σ= 20.7 MPa and σ= 34.5 MPa ( Fig. 19 a) and
13 
or stainless steel at 77K for two levels of loads σ= 450 MPa and 

= 562 MPa ( Fig. 19 b) are shown. 

The numerically obtained creep curves were imposed on the 

xperimental data in order to verify their consistence. The good 

greement between the numerical simulations and the experi- 

ents indicates that the developed constitutive model can be rec- 

mmended in the creep behaviour evaluation of materials at ex- 

remely low temperatures. Using the constitutive model (Eq 41) 

he creep deformation over an extended period is shown in Fig. 20 . 

he numerical predictions incorporating the creep curve show a 

ogarithmic increase of creep deformation. 

onclusion 

The purpose of this paper is to devise and characterize 

hysically-based constitutive model which allow to describe the 

ffects of creep of irradiated materials at cryogenic temperatures 

nd the physics of defect generation. The quantum tunneling as 

he mechanism responsible for creep deformations at sufficiently 

ow temperatures (liquid nitrogen 77 K, liquid helium 4.2 K) and 

elatively high-stress levels is adopted. Dislocations that are locally 

inned can escape from their pinning points more rapidly via tun- 

eling than by means of thermal activation. The outcome of this 

aper provides an insight into the physical mechanisms underlying 

ow temperature creep of irradiated materials effect. Peierls lattice 

esistance mechanism is used to explain creep produced by the 

lastic interaction of a radiation induced point defects with ex- 

sting dislocations in materials. This mechanism is based on the 

ypothesis that dislocation can pass through barriers (interstitials 
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Fig. 1A. Energy configuration for a short segment of a bound dislocation 
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toms and cavities) when corresponding Peierls energy is reached. 

hus, in this case, the activation energy may be reduced in the 

resence of interstitial atom to a value much smaller than acti- 

ation energy of creep at intermediate temperatures. Furthermore, 

ssuming the quantum tunneling mechanism the kinetic law for 

volution of irradiation induced dislocation loops is proposed. Pre- 

icted creep rate behaviour as a function of stresses and dpa are 

resented. While the tunneling based model correlation showed 

onsistency with the limited data at 77 K, this was for the unir- 

adiated material. The proposed model for effects of irradiation on 

reep in the cryogenic range could not be verified due to lack of 

ata. 
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ppendix: The. tunneling probability 

Gilman’s derivation [6] for the tunneling probability ( Eq. 8 ) and 

t’s simplification ( Eq. 9 ) are given in this Appendix. 

Gilman [6] proposed the simple but appropriate form of poten- 

ial of local elastic interaction of dislocation with point defect in 

he form 

 ( x ) = −H 0 ( 1 + | x | ) e −| x | (A1) 

here H 0 is the total energy per unit length and x stands for a 

isplacement of the centre of dislocation 

 = z/δ (A2) 

δ denotes the range of the potential, z is the displacement of 

islocation. This potential expresses a linear restoring force for 

mall displacements and decays like a wave function for large x 

 ( x ) = −∂H 

∂x 
= −H 0 | x | e −| x | (A3) 

Also, this force is symmetric about x = 0 for small x and this 

eaches its maximum magnitude when x = 1 or z = δ. 

The force caused by the applied stress σ takes the form 

 = −σb 2 (A4) 

Thus, the potential energy associated with a displacement of 

he dislocation segment is expressed in the form 

 ( x ) = −σb 2 δx (A5) 

In light of the above, the total energy of the system takes the 

orm 

 ( x ) = −H 0 ( 1 + x ) e −x − σb 2 δx (A6) 

The proposed approach shows that two positions exist which 

ave the same energy. Thus the dislocation segment can tunnel 

rom x = 0 to x = x ∗. 

For x = x ∗ the total energy is 

 0 = σb 2 δx ∗ (A7) 

hich leads to the relation 

 

∗ = 

H 0 

b 2 δσ
(A8) 

In Fig. 1A the potential of interaction of dislocation is sketched 

ogether with the driving potential that results from the applied 

tress. 
14 
In order to estimate the tunnelling probability the wave equa- 

ion with a periodic potential energy is expressed in the following 

orm 

 k ( x ) = e ikx H k ( x ) (A9) 

The condition that ψ k should remain finite all values of x im- 

oses the restriction that k be real. The wave equation for disloca- 

ion with energy H(x) is defined as follows 

h 

2 

8 π2 m 

∂ 2 

∂ x 2 
+ H ( x ) 

}
ψ ( V ( x ) , x ) = 0 (A10) 

An approximate solution of this equation may at once be ob- 

ained if one observes that the term V(x) changes only slightly in 

he distance of a single lattice constant. Such solution is 

 ( V ( x ) , x ) = e i ∫ Kdx H k ( x ) (A11) 

With a given V (x ) , K is real only for certain values of x. K is

efined as follows 

 = ξ ( x ) + iη( x ) (A12) 

here ξ (x) is the real part and η(x) is the imaginary part, i repre- 

ents the imaginary unit. Specifically, if the wave function is given 

n the range BC the transition probability P is given by 

 = 

∣∣∣∣ψ ( x C ) 

ψ ( x B ) 

∣∣∣∣
2 

(A13) 

Finally, transition probability takes the form 

ψ ( x C ) 

ψ ( x B ) 

∣∣∣∣
2 

� e 
−

C 
∫ 
B 
η( x ) dx 

(A14) 

Using the equations (A10-A14) Gilman [6] derived the probabil- 

ty of tunneling as 

 = exp 

(
−mH 

2 
0 

4 h̄ 

2 σb 

)
(A15) 

here m denotes an effective mass of moving dislocation (atomic 

ass per atomic plane cut by it [17] ). Eq (A1 5) was further simpli-

ed by Gilman by using several assumptions and approximations 

ncluding: (a) the total binding energy H 0 per unit length of dislo- 

ation is proportional to the shear modulus μ and square of b the 

urgers vector 

 0 � μb 2 (A16) 
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nd (b) the effective-mass can be approximated using density as 

 � ρb 3 (A17) 

Using relations (A15) through (A17), and identifying a rela- 

ion between local oscillator frequency and binding energy, Gilman 

6] gave the following expression for the probability of motion 

 = exp 

(
−βμ

σ

)
(A18) 

here β is a coefficient which can be found from experiments. 
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