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Abstract

Helium embrittlement of vanadium alloys which are labored for future fusion reactors may be closely related to the

transport of helium to critical failure sites within the material (grain boundaries, precipitates, etc.). Recently during

high-temperature mechanical tests of helium-doped vanadium alloys by the tritium trick technique, the abnormal

helium release peaks have been observed. In this case, a good correlation has been found between the helium release

during the deformation and embrittlement processes. Such results have fundamental meaning for understanding the

helium behavior during deformation of fusion structural materials. In the present paper, the physical mechanisms of

abnormal helium release from deforming vanadium alloys are suggested. The theory of helium release is based on the

dynamic-di�usion models of dislocation motion with helium atoms and helium bubbles, where helium atoms and

helium bubbles are swept by moving dislocations. In the suggested model, the e�ect of the strain rate of plastic de-

formation and pipe di�usion of helium atoms along dislocations on this phenomenon is considered. The theoretical

models are compared with experimental results for helium release during deformation of vanadium alloys after helium

doping by the tritium trick technique. The temperature dependence of this phenomenon and the e�ect of strain rate on

growth kinetics of helium bubbles are analyzed. The present results allow us to understand the e�ect of various helium

doping techniques (helium trick, cyclotron preimplantation and boron-10 technique) on helium release from deformed

vanadium alloys. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Statement of the problem

Vanadium-based alloys are considered as perspective

low-activated structural materials for the ®rst wall of

future fusion reactors [1,2]. Many factors determine the

radiation resistance of these alloys. The most important

among them is the e�ect of helium on the mechanical

properties and especially on radiation embrittlement.

Helium embrittlement of vanadium-based alloys has

been studied in recent years using several techniques for

helium doping, i.e. the tritium trick techniques [3,4],

cyclotron implantation [5,6] and boron-10 technique [6].

The role of helium in degradation of mechanical prop-

erties of vanadium alloys is not yet clear.

Helium atoms, interacting with a great variety of

structure defects, a�ect the macroscopic behavior of

materials [2,3]: radiation embrittlement and hardening,

and to a lesser degree, radiation swelling and creep.

The physical mechanisms of helium transportation to

grain boundaries (GB) which can accelerate the nucle-

ation and growth of helium bubbles and cracks at GB in

stressed materials should be investigated in detail.

Recently, during high-temperature helium embrittle-

ment (HTHE) investigations of vanadium alloys, a new

phenomenon related to helium behavior in vanadium

alloys has been found [7]. In this study the investigation

of mechanical properties of vanadium alloys doped with

helium atoms was done using two methods of helium

saturation, i.e. cyclotron implantation and the tritium

trick technique. The samples were loaded dynamically.

It was found, that in the case after helium doping by the

tritium trick, during plastic deformation the unusual
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helium release peaks had arisen. In the other case (cy-

clotron implantation) those peaks have been absent.

These experimental results [7] are quite interesting

and important for both physical and technical consid-

erations. So due to this phenomenon there is an addi-

tional channel for helium transportation towards GB

during plastic deformation. Arising peaks of helium re-

lease depend on temperature and are an order of mag-

nitude more than background helium release.

Experimental results [7] show that this physical phe-

nomenon arises only at de®nite conditions and it has the

following main peculiarities:

1. Abnormal helium release peaks arise only during

plastic deformation of the sample.

2. Strong temperature dependence has been observed.

Small and rare peaks have been found at room tem-

peratures. At high temperatures the height of peaks is

an order of magnitude more than for peaks at room

temperatures. Resultant amount of desorbed helium

also increases.

3. Total amount of desorbed helium strongly depends

on the alloy composition.

The present study deals with analysis of di�erent

physical mechanisms of abnormal helium release peak

formation.

Here helium-saturated material with uniform helium

distribution in the matrix is considered. The sample

elongates with constant strain rate _e0. The experimental

results show that plastic deformation leads to abnormal

gas (helium) release. Moreover, the peaks' presence and

their height depend on a number of factors (tempera-

ture, impurities in matrix deformation rate, etc.). We

will consider here two methods of saturation of samples:

tritium trick technique, and cyclotron preimplantation

with high step and small strain rates of deformation

during mechanical tests.

2. Dislocation-dynamic mechanism of helium release

2.1. `Fast' helium atoms

In this case the material saturation via the trick

technique is considered, where the time sHe (sHe � Rd=D,

where D is the helium di�usion coe�cient) for the dif-

fusion motion of helium atoms from the cell boundary

(l � Rd; Rd � �pqd�ÿ1=2
) to the dislocation is less than

the time sd (sd ' �b= ��������
pqd

p � � �1=_e�, where qd is the dis-

location density, _e is the strain rate) needed for the dis-

location to cover the same distance due to the plastic

deformation (sHe�sd).

For the explanation of this phenomenon the model of

dislocation-dynamic di�usion is suggested. The process

of dislocation motion with helium atoms can be imag-

ined as a two-step process. In the ®rst step di�usion ¯ow

of helium atoms to the dislocation line takes place. In

the last step dislocation motion occurs.

Solving of di�usion equation related to those pro-

cesses which allow us to calculate helium distribution

and helium amount carried to the surface. Solving the

di�usion equations by taking into account elastic inter-

action of helium atoms with dislocations, we can receive

the total amount of helium atoms that come out to the

surface

Ntot � pC0S0Rd

2 ln�R0=2Rd� ; �1�

where C0 is the initial concentration of helium atoms in

material and S0 is the sample surface.

2.2. `Slow' helium atoms

This case coincides with the situation where vanadi-

um samples are saturated by means of cyclotron im-

plantation. In this case sHe � sd; moreover, all of the

helium atoms are situated on substitutional sites because

they are trapped by free radiation- induced vacancies.

Solving some kinetic equations for moving dislocations,

we get the total helium current to the surface until

rupture of the sample occurs

Ntot � 2S0epC0L p
Dqd

_e0

r0

b

� �1=2

; �2�

where ep is the elongation at which rupture occurs and r0

is the core radius of dislocation.

3. Helium release related to helium bubble transport by

moving dislocations

Another possible mechanism of abnormal helium

release peak formation during plastic deformation is

based on transport of helium bubbles to the surface by

moving dislocations. It can be divided into three stages.

In the ®rst step, helium atoms are absorbed to disloca-

tion and form stable helium clusters. In the second step,

bubble growth is released due to helium di�usivity from

the bulk and to dislocation and follows along the dis-

location line. In the ®nal step the helium bubbles are

transported and follow along the dislocation line. In the

®nal step helium bubble transportation towards surface

by moving dislocation occurs.

It is supposed that the time of bubble formation on

dislocation lines is less than the time of dislocation

motion to the surface. According to experimental results

(especially for the tritium trick technique), when the

helium atoms are located in interstitial positions this

approach makes considerable contribution.
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Let us designate as kp the depth from which the

dislocations can come out to the surface.

kp �
Z tp

0

Vb t� �dt; �3�

where Vb t� � is the velocity of complex dislocation-helium

bubble.

It has been shown that di�usion ¯ow of helium atoms

to the dislocation is faster than the dislocation motion.

Thus, the dislocation gathers all helium atoms in its own

cell. So, all the helium atoms from the near-surface re-

gion with size come out to the surface during the rupture

time tp.

So, the total helium amount until rupture is equal to

N � C0kpS0, where C0 is the bulk concentration of he-

lium atoms and S0 is the surface of the sample.

After the calculations, the number of helium atoms

per unit of sample surface in this case is equal to

Ns � l
32pkT

rb5lb

C0

Ds

D2
a

t2
gr � tptn

t2
grtn

; �4�

where r is the applied stress, tgr is the time of bubble

growth, tn is the time of helium bubble formation Da;Ds

are the self-di�usion coe�cients for helium atoms and

atoms material.

4. Helium release related to sweep out of helium bubbles

by moving dislocations

Another mechanism is possible when at the beginning

of the process, helium bubbles are formed and grow in

the bulk of the material. During plastic deformation,

moving dislocations can collect these bubbles and

transport them to the surface. This mechanism can be

divided into two steps. In the ®rst step, nucleation and

growth of helium bubbles take place. In the second step,

the transportation of helium bubbles by moving dislo-

cations occurs.

In this case, the total helium amount per unit of

surface is given by

Ntot � Ds

32pkT
b
R

� �4 rbC0

R2
dCv

b

tp; �5�

where Cv
b is the helium bubble concentration, R is the

average bubble radius.

5. Results obtained

1. Physical mechanisms of helium release from materials

doped with helium under dynamic loading were dis-

cussed. The principal processes which led to abnor-

mal helium release peak formation during plastic

deformation of materials saturated by the tritium

trick technique and cyclotron implantation were ana-

lyzed.

2. The contribution of dislocation-dynamic model of

helium atom di�usion in the formation of helium re-

lease peaks was determined in both limiting cases:

slow and fast strain rates. The quantitative estimate

shows, for the case `fast' helium atoms (low deforma-

tion velocities, slow dislocations and saturation via

the tritium trick (helium atoms occupy interstitial

sites)) at C0 � 300 appm; T � 800 K and sample sur-

face S0 � 0:15 cm2, the helium amount carried by dis-

location is Ntot � 2� 1015. According to the

experimental results, it is theoretically enough to

form helium release peaks. In another limiting case

(`slow' helium atoms) the quantitative estimations

show, that at C0 � 300 appm; e � 10%; L �
10 lm; S0 � 0:15 cm2 the total amount of helium re-

lease is N � 7 � 1013. It is enough for the explantation

of the experimental data.

3. The mechanism related to the sweep out of helium

bubbles by moving dislocation is suggested. Numeri-

cal estimations have shown that this mechanism can

contribute considerably to peak formation.

4. Temperature dependencies of total helium release for

all the discussed mechanisms were analyzed. It was

shown that in the model of dislocation-dynamic di�u-

sion, the total helium amount that comes out to the

surface has weak dependence on temperature

Ntot � lnA=T� �ÿ1
. The other discussed mechanisms

have the following temperature dependence:

Ntot � exp ÿ E=kT� �
T

;

where E is the e�ective energy migration for helium

atoms, which is determined (see part 3) by E1 � Efv ÿ
2Ev

mHe; (where Emv is the energy of vacancy migration

in the bulk of the material, Ev
mHe is the energy of

helium atom migration in the bulk of the material, Efv

is the energy of vacancy formation) and in the case of

sweeping of helium bubbles by moving dislocations

(see part 4) E2 � Emv � Efv. The obtained theoretical

results have good agreement with experimental data

[7].
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