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ABSTRACT 
Improvements in the preparation of samples has led to substantial progress \ 

in the field of point defect relaxation processes in b.c.c. irradiated metals. 
The recent veil established experimental phenomena and current interpretations 
are reviewed, with a special emphasis on iron, which allows simultaneous study 
of anelastic and magnetic relaxations. 
IKTRODUCTIOH 

The development of our understanding of the stress induced relaxations due 
to point defects in b.c.c." metals (Snoek-type relaxations) can be illustrated by 
a curve with two steps. The first step, reviewed in (l), describes basic pheno
mena concerning highly soluble interstitial impurities. Reproducible results 
were obtained 30-UO years ago with specimens of low purity. A more difficult 
problem was to investigate intrinsic point defects. Over a long period re\'iewed 
in (2) the experiments gave deceiving results. In recent years however, impro
vements in sample preparation and relaxation techniques led to substantial pro
gress which will be described in this paper. 

After descriptions, of tne theoretical basis and experimental techniques, 
recent results will be critically reviewed, with a special emphasis on iron. 
This b.c.c. metal allows a thorough testing ,of the theoretical models because 
the same defect can be induced to undergo relaxation in.either an elastic field 
or a magnetic field. 
TKSORY 

In this part, the theoretically predicted relaxation effects of single in
trinsic defects and their simplest clusters will "be reviewed. Some ideas are 
derived from the concepts of pjint defects in f.c.c. metals (3). 
Self Interstitial Atom (S.I.A.) : One of the stable configurations of the SIA is 
the <110> split interstitial or dumbbell. The macroscopic effect of the elaat'.c 
or magnetic perturbation induced by the presence of such a defect can be descri
bed by an ellipsoid of principal axis X) \g A3 typically oriented [110], [110| 
an.i [001J P1-6). The relaxation modes and the kinetics are given in Fig- 1. Tvo 
relaxation modes corresponding to 90° jumps and 60° jumps are possible with rso-
rient at ion rates v«^ and VJJ respectively. If Vj2 a n <* V13 a i* e nearly the sasrs, 
ore internal friction peak is expected. On the contrary, if^2 i s much greater 
than V13, two well separate peaks can appear in polycrystnlline samples (fro.-.on 
r.-ce split (7)). 

The migration of trv: <110> dumbbell occur3 either by purely translatifnal 
.iuir.pô without reorientation or by combined jur.ps involving a Co0 reorientation. 
In a uniform field only th*; second process can give rise to a relaxation pe h. 

Another ennfi^.jr^ion of the S TA ha., be-on investigated : the- <lll> err. .lio-», 
hecauoe of its inability to reorient, this defect, cannot give rise GO â:\r.r,[ ui 



phenomena in a uniform field. But in field gradients as in the neighbourhood of 
a Blochwall, a relaxation can be imagined by a Dietze type mechanism (8-9). 
Vacancy. In its normal position, the vacancy can give rise to relaxation phe
nomena only in a field gradient. A split vacancy has been proposed (9-10) but 
never experimentally observed (11-12). 
Close pairs. As observed in f.c.c. metals (13), the split interstitial of a 
relatively stable close pair can give rise to a relaxation if it jumps from one 
to another equivalent position without changing the configurational energy. 

Fig. 2 presents the results of a computer simulation for Molybdenum (lU). 
Among the close pairs created in the <100> direction, two netastable <1»00> con
figurations are found, the energy of which depends on the relative orientation 
of the dumbbell and the pair axis. A lowering of the configurâtional energy is 
obtained if the split interstitial of pair A(<U00>, <110> pairs) becomes closer 
to the vacancy or if that of pair B(<1»00>, <011> pairs) moves away from its 
vacancy. 

In b.c.c. metals, the complexity of the low temperature recovery stage I 
and the evidence of several long range migration stages occuring in the range 
of stage II led the concept of trapped pairs of special stability which can 
survive annealing at temperatures higher than that of^the free, interstitial (15). 

The relaxation of a close pair formed by^a crowdion and an off
line vacancy fc>r another point defect) has been investigated (16-1T). Such a pair 
can give rise to relaxation phenomena in a uniform field by a flip-flop mecha
nism because the stable position of the crowdion is not a symmetrical one. 
Complexes with an impurity : The presence of an impurity in the neighbourhood of 
an intrinsic defect can strongly modify the local anisotropy and the mobility of 
this defect (6). Mixed dumbbells involving one impurity atom and one SIA can be 
expected as in f.c.c. metals (3). 
EXPERIMENTAL TECHNIQUES 

Studies of intrinsic point defect relaxations in irradiated b.c.c. metals 
present special difficulties : i) The elementary pricesses occur at very low tem
peratures, ii) The concentrations of irradiation induced point defects are ty
pically 10 to 100 ppra. iii) Strong interactions with impurity atoms or other 
intrinsic defects exists which reduces the life of 8n unassociated intrinsic 
point defect to a few jumps, iv) It is easy to confuse point defect relaxations 
and dislocation effects. 

Efforts have been made to overcome these difficulties : i) by use of in 
situ irradiation rigs or specimen transfer techniques at very low temperatures 
(18-23). ii) by production of high purity b.c.c. metals, iii) by working at a 
frequency as low as possible {7th, 66) (the SIA iron relaxation is easily detec
ted with a 1 Hz pendulum but is not observed with a 100 Hz pendulum (25). iv) 
by simultaneous observations of anela3tic and magnetic relaxations when possible. 
This procedure can distinguish between point defect and dislocation effects 
because the respective sensitivities are quite different. (The theory and tech
niques are described in (9, 26-28)) 
REVIEW OF EXPERIMENTAL RESULTS 
Iron : The resistivity recovery curves of iron and copper present sotne similari
ties. For iron, a Ig stage presenting a dose shift is found at 125 K (29-31). 

Fig. 3 and h present the Internal Friction (I?) and Magnetic After Effect 
(MAE) spectra of neutron irradiated iron (6, 11, 25, 32-33). A Snoek-type rela
xation is observed in both spectra at ̂  120 K which anneal3 out at sta^e Ig 
(125 K). A MAE zone is observed at 95 K which anneals out at tha beginning of 
sta^e If) (no MAE anneali-ng occurs during the second part of nn.n;f,c? IQ il^)}- A 
broad IF pjak and MAE zone are found at % 220 K which anneal out at 2Z0 K simul
taneously vith a resistivity recovery stage presenting a dose shift (31) and 
lnbfîlle.t stase III (35). 



After electron irradiation, the MAE zones Ir> and Ig are observed too, but 
the MAE zone III is absent (Fig. 5) (12). Detailed studies of reorientation, re
covery, and dose dependence are given 5n (36-UQ). 

Special attention has been devoted to the I E Snoek-type relaxation. FOÏT 
this defect, magnetic and anelastic studies led to the same characteristics of 
reorientation, annealing and doping. This shows that the sane intrinsic defect 
gives rise to the response in both techniques. However a striking difference 
appears in the determination of the anisotropy tensor. Whilst a <110> symmetry 
is observed in both cases, the components of the tensor are quite different (by 
internal friction, Kivert (25) found 63/63» = I-1*1 v i t h *1 * °-^, x2 ~ °^T» 
A3 = 0.**5- Thus, the strain ellipsoid is almost an ellipse of revolution about 
the major axis [110]. By magnetic torque measurement, Chambron (Ul) obtained 
a. description of the magnetic perturbation K1/K2 (the magnetic analogue of 
63/63») f o r t h e s a n s defect. The result K1/K2 * 5-25 shows that the magnetic 
perturbation is almost an ellipse of revolution about the major axis [100]. 

These two types of experiments with different exciting fields show that the 
determination of the defect symmetry by relaxation techniques must be interpre
ted with care. In such experiments it is not the symmetry of the defect itself 
vhich is measured, but the macroscopic effect of a perturbed region around the 
defect, i.e. the experiments indicate that the shape of the elastically dressed 
defect seen by an elastic field is different from the shape of the magnetically 
dressed defect seen with a magnetic field. As predicted by the Curie principle 
(described in (U2)), one can find either the exact defect site symmetry of the 
the defect or a higher symmetry. There are other experiments which can be inter-
preted in a similar way CO-1»?)-

The effect of an additional cold-work on the internal friction spectrum of 
neutron irradiated iron is shown on Fig. 6. Point defect relaxation peaks are 
reduced in size. Dislocation peaks are absent on the first warm-up, but reappears 
after transient Hasiguti type peaks (32-33). 

With the introduction of impurities the spectra become more complex ('46). 
The intrinsic effects vanish ; new relaxation zones characterized by narrow 
widths appea- (Fig. 5 and T) indicating the presence of stable defects which 
undergo many reorientations before annealing. These results support the model 
of a mixed dumbbell which reorients without significant migration (cage effect) 
(3). A detailed study is given in (U7-51). 

The vacancy in pure iron does not give rise to any relaxation phenomena. 
But, in presence of impurity , important MAE zones are found which anneal out at 
stage IV. This property is practically independent of the nature of the impurity 
(U8) and shows that a vacancy agglomeration occurs at % ^00 K. This interpreta
tion was confirmed recently by positron annihilation experiments (51). 

These relaxation data have allowed the Grenoble group to build th^ follo
wing model. ID relaxation corresponds to the reorientation of the split inters
titial belonging to a relatively stable close pair (<100> pairs (52)). The de
fect annealing at the end of jtage In are unable to reorient (<111> pairs). The 
IE relaxation is evidence of reorientation and migration of the free split 
interstitial theoretically predicted by Johnson (53). The two components of the 
frozen free split peaks are superimposed because reorientation and migration 
occurs simultaneously. Sta£,e II corresponds to the relaxation of interstitial 
complexes, which are rearranged at stage III and interact with dislocations. 
Vacancy migration occurs at stage IV, and stage V corresponds to self diffusion. 

Nevertheless, at the present state of development, the &?.me data can bs 
interpreted in terms of a two interstitial model (35) ; the transient Ig MAE 
zone could be a Dietze effect corresponding to crowdion migration towards Bloch 
walls and the Tg Sno?k-J,ype relaxation could be a flip-flop uectumism of tr"x>p*(ï 
crovdion (dicrowlior.). Free migration oi' the dumbbell muut thon occur at st ig»? 
III. To confirm this second model, a Sno«k-type relaxation of the; second inters
titial (dumbbell) has to be found near 230 K. However, this question remains 
open because, a:- shown in Fig. 5, no relaxation in detected {,'*> 230 K) in hip;h 
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purity iron after electron irradiation. 
Molybdenum : This metal is interesting because it presents an important stage 
III with evidence of a dose shift (5U—55). In the sane range of temperature a 
relaxation is found which has been tentatively attributed to the stress induced 
reorientation of a dumbbell (56). Nevertheless, this result has not been confir
med (25). 

At low temperatures, two internal friction peaks were found at 31 K and 
kO K(0.5 Hz) which anneal out simultaneously at U2 K (5T-58) with a prominent 
resistivity recovery stage (II,). Resistivity determinations show that this stage 
is intrinsic in nature (59_6l). These results were interpreted in terms of reo
rientation and migration of a free interstitial (<110> ; Ej. < EQ) resulting froa 
a breaking of the <*»00>B pairs mentioned above and followed by a correlated re
covery (1U). After irradiation at 28 K, the experiment described in (57~58) did 
not detect a relaxation of <400>A pairs. This is not surprising because such 
pairs were predicted to anneal out at 15 K. 

This interpretation was contested by Okuda (62-66). Pig. 8-9 present the 
peaks observed in the range 6-50 K. The prominent 8 K and 26 K relaxations an
neal out at 28 K and 1*2 K res.pectively. They are independent of preirradiation ; 
deformation or doping and their relaxation strengths are proportionnai to the 
irradiation doses. Because dislocation pinning was observed at their annealing 
temperature, the first peak was attributed to the freely migrating dumbbell and 
the second, to the di-interstitial. 
Tungsten : This metal is attractive because Field Ion Microscope observations 
reveal several long range migrations (67-68). 

With a 600 Hz pendulum, Di Carlo (695 found a peak at 30 K which has been 
attributed to the reorientations of a SIA belonging to a close pair. 

A complete study was made by Okuda (',"0-71) who noted an analogy between 
tungsten and molybdenum. /Two prominent peaks were observed at 8 K and 27 K which 
anneal out at 18 K and 30 K respectively with simultaneous dislocation pinning 
(Fig. 10). As for Molybdenum, Okuda proposed an interpretation in teinis of sin
gle and di-interstitial relaxation. This interpretation was contested by Seid-
man (72) who observed that no long range migration occurs between 6 and 18 K and 
that the dominant recovery peak at 38 K was a result of the long range migration 
of a SI. 1 immobile at 15 K. This .stage, after stress corrections agrees well with 
the delayed long range migration mentioned above (15.63) (but it seems from (75) 
that great care must be taken in interpretations of experiments in this tempera-
-ture-range). Another interpretation is given by Dausinger, who explains the 8 K 
and 27 K peaks in terms of close pair and free interstitial relaxation (76). 
nevertheless the dislocation pinning observed by Okuda at 18 K is difficult to 
interpret by means of this model (77)• 
Kiobium and Tantalum : In pure and well annealed Kb and Ta, irradiation is inca
pable to inducing Snoek-type peaks which can be definitively attributed to in
trinsic defects. This is explained by a long range migration occuring belov the 
irradiation temperature evidenced by dose shift and doping experiments (78-81). 
However, in cold-vorked Niobium, the point defects reduce the height of the 
o-peak and enhance a Hasiguti-type peak (Fig. 11) (82-8U). 
coscLusiorr 

The recent progress in the field of point defect relaxation in irradiated 
b.c.c. metals is limited to interpretation of well established experimental phe
nomena. However a unifying explanation has not yet been found. In addition, th» 
study of relaxation processes in the b.c.c. metals has not so far produced 
convincing experimental evidence for a second type of interstitial. 
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Fig. 1 - Configuration and reo r i en ta t ion 
of the <110> s p l i t i n t e r s t i t i a l 
in t . c . c . i&etala ( 6 ) . 

Pig. 2 - Calculated configuration energies of different 
Frenkel pa i r s in Molybdenum. The vacancy is set 
at the o r ig in . The numbers indica te the i n t e r s t i 
t i a l l a t t i c e s i t e and the l e t t e r specif ies along 
which d i rec t ion i t _ i s s p l i t (A, <011> ; B, <110> ; 
A», <011> . B ' , <110> (11*). 
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Fig. 6 - Internal Friction spectra obtai
ned during successive warn-ups 
of a neutron irradiated and then 
77 K cold-worked Iron sample 
(32-33). In such conditions Iron 
presents irradiation softening 
for warm ups below 180 K (85-90) 

Magnetic After Effect spec
trum of pure electron irra
diated Iron (the dotted 
curve presents the spectrum 
of a 0.15 % "i doped iron 
sample simultaneously irra
diated (12). 
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Fig. 7 - Internal Friction spectra obtained 
during successive varm-up:; of a 
neutron irradiated sam-ilv dov:-d 
vith 0.1 % of Hi (kl-UZ). 
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F ig . 9 - Arrhenius plot of 6 - 15 and 
23 - 50 K re laxa t ion i n neu
t ron i r r ad ia t ed Molybdenum 
(66) . 
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