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Stress relaxation of bent beam specimens under fast neutron irradiation at 340 and 570 K has been studied for a range 
of materials, as follows: several stainless steels, a maraged steel, AISI4140, Ni, Inconel X-750, Ti, Zircaloy-2, Zr-2.5% Nb 
and Zr3Al. All specimens were in the annealed or solution-treated condition. Where comparisons were possible, the creep 
coefficients derived from the stress relaxation tests were found to  be consistent with other studies of irradiation-induced 
creep. The steels showed the lowest rates of stress relaxation; the largest rates were observed with Zr-Nb, Ti and Ni. For 
most materials, the creep coefficient at 340 K was equal to or greater than that at 570 K. Such weak temperature depen- 
dence is not easily reconciled with existing models of irradiation creep based on dislocation climb, such as SIPA or climb- 
induced glide. Rate theory calculations indicate that because the vacancy mobility becomes very low at the lower temper- 
ature, recombination should dominate point defect annealing, resulting in a very low creep rate compared to  that at the 
higher temperature. I t  is shown that the weak temperature dependence observed experimentally cannot be accounted for 
by the inclusion of more mobile divacancies in the calculation. 

1. Introduction 

Bombardment with energetic particles can induce 
stress relaxation in materials that are strained elasti- 
cally. The rate at which elastic strain, e, is converted 
to plastic strain, e, is given by [ I ]  : 

where @ is the damage rate or irradiation flux, and a = 
Ee is the stress in a specimen with modulus E, 
deformed to an elastic strain, e .  Cis the "creep coef- 
ficient", the units of which depend on the units of @. 

There is evidence in the literature that for temper- 
atures below about tT,, where T, is the melting 
temperature, the creep coefficient is only weakly 
dependent on temperature [2-61, for temperatures 
as low as 0.1 T,. Such behaviour cannot readily be 
predicted by current theories of steady-state irradia- 
tion creep, which have irradiationenhanced disloca- 
tion climb as their basis. For temperatures where 
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vacancy-interstitial recombination becomes the 
dominant mechanism for point defect annihilation, it 
has been shown that the activation energy for disloca- 
tion climb, and thus for irradiation creep, becomes 
iEY,, where Pm is the vacancy migration energy 
[7,8]. It has also been shown [7] that a short transi- 
tion region, with a weak temperature dependence, can 
exist between the regions of high temperature behav- 
iour, where the activation energy is equal to that for 
self-diffusion, and the low temperature, $Cm, region. 
The extent of the transition region depends on 
stress, microstructure and vacancy formation energy. 
Generally, it occurs over a temperature range that is 
too narrow and at temperatures that are too high to 
explain the weak dependence of irradiation creep on 
temperature, below about 0.3Tm. 

Here, we will present results of in-reactor, stress- 
relaxation experiments, for a variety of metals and 
alloys, which demonstrate the general nature of the 
weak temperature dependence of irradiation creep in 
the temperature range -0.2Tm to -0.3Tm. One 
hypothesis to explain low temperature irradiation 
creep is that a high enough rate of dislocation climb 
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results from the presence of mobile divacancies, 
which cause a reduction in the rate of recombination. 
This hypothesis will be tested theoretically using rate 
theory equations [9] to  describe point defect produc- 
tion, annihilation, and creep caused by stress-induced 
preferential absorption of interstitials at dislocations 
(SIPA) [lo-1 31, in an irradiated material. 

2. Irradiation details 

The experimental procedures used for in-reactor, 
bent-beam, stress-relaxation experiments at the Chalk 
River Nuclear Laboratories (CRNL) are described in 
detail elsewhere [I]. Briefly, the test involves deter- 
mining the amount of stress relaxed in a given time 
from intermittent out-reactor measurements of the 
unconstrained curvature of small beams which were 
bent to a constant curvature during irradiation. 

The materials listed in table 1 were irradiated in 
flowing water in fast (E > 1 MeV) neutron fluxes of 
1 . 5  x 10" n/m2 . s a t  340 K and/or 2.1 X 10" 
n/m2 - s at 570 K. All materials were in either fully 
annealed or solution treated metallurgical conditions. 

It will be assumed here, as elsewhere [I], that 
irradiation creep can be evaluated, without the com- 
plication of separating an irradiation growth compo- 
nent, by measuring stress relaxation in bending. This 
is justified by assuming that the curvature at any time 
is simply a function of the stress at the outer surfaces 
of the beam. Changes in the linear dimensions of the 
beam, such as would result from irradiation growth,. 
are assumed to  have neghgible influence on the curva- 
ture. 

3. Results 

From eq. (1) and Hooke's law, the stress relaxa- 
tion in a bent-beam can be described by: 

* 
u = a. exp(-CE$t) , (2) ? 

C, 

where a,, is the stress at the surfaces of the beam at ,.A B 
h 

t = 0. Experimentally, it is found that, for most 
cases, there is an initial, transient relaxation which 2 
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Fig. 1 .  Typical data from bent-beam, stress-relaxation tests at 
irradiation temperatures of 340 and 570 K: (a) nickel, (b) 
Inconel X-750, (c) 304 stainless steel, (d) 403 stainless steel, 
(e) Zircaloy-2 and (f) Zr-2.5% Nb. The values of dpa refer to 
the defects created; 50% of these are assumed to survive 
instantaneous recombination. 
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fore would have an intercept ln(op/oo), where up is 
the stress after the initial transient, and a slope -CE, 
from which the creep coefficient can be obtained. 

Fig. 1 shows typical stress-relaxation curves for 
two steels, two Zr alloys and two Ni base alloys; 
ln(a/oo) decreases linearly with fluence, in accor- 
dance with eq. (2). The creep coefficients at 340 and 
570 K, and their ratios, for the materials listed in 
table 1, are given in table 2. With the exception of 
Zr-2.5% Nb, the creep coefficient at 340 K for all 
materials is equal to  or greater than that at 570 K. 
The creep coefficients of Ni, Zr, Ti, and their alloys, 
with the exception of Zircaloy-2, are similar and 
greater than those of the iron alloys. At each temper- 
ature, the coefficients for the various alloys vary over 
roughly one order of magnitude. 

Control experiments, to  measure stress relaxation 
in the absence of neutron flux, showed that the rate 
of thermally activated stress relaxation became negh- 
gible after about 2000 h which corresponded to a 
fluence of about loz4 n/mZ, and that the total stress 
drop corresponded to that predicted from the inter- 
cepts in fig. 1, with the exception of Zircaloy-2. For 
Zircaloy-2, the thermal stress relaxation could 
account for only about half of the initial, rapid tran- 
sient observed in-reactor. Similar results have been 
obtained previously for the Zircaloys [14]. 

Table 2 
Creep coefficients at 340 and 570 K, and their ~atio 

Material C X 1030 (n/rnz)-l MPa-I Ratio 
c340/c5 70 

340K 570K 

Ni 2.4 1.8 1.33 
Inconel X-750 1.3 0.5 2.6 
304 SS 0.28 0.25 1.1 
403 SS 0.27 0.20 1.4 
410 SS 0.20 0.10 2.0 
4140 steel 0.60 0.20 3 .O 
18Ni-8Co steel - 0.20 - 
Ti - 2.7 - 
Zircaloy-2 0.4 0.4 a) 1 .O 
Zr-2.5Nb 2.3 2.7 0.85 
Zr3Al 1.0 0.8 1.25 

a) Derived from data at fluences above 2 X 1024 n1m2. 
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4. Discussion 

The trend of increasing creep rate with decreasing 
temperature, which has been observed in our stress- 
relaxation experiments, is consistent with results 
from other in-reactor stress-relaxation and creep 
experiments. Quantitative comparison of absolute 
rates is complicated by differences in both specimen 
composition and structure, and test conditions, par- 
ticularly the neutron spectrum and the duration of 
the test. For the CRNL NRU reactor, the fast neu- 
tron flux is 2 X 1 0J7 n/m2 . s (E > 1 MeV), from 
which a net damage rate of 4.5 X dpals can be 
calculated for Zr. The calculation [9] is based on a 
threshold displacement energy of 25 eV, and the 
assumption that half of the defects created escape 
instantaneous recombination in the cascades. For 
comparison purposes, we have made the simplifying 
assumption that the same conversion holds for the Ni 
and Fe alloys, and for irradiation in the other test 
reactors. Since we seek only broad trends, the errors 
from this procedure are acceptable. 

Table 3 shows a comparison between the creep 
coefficients of some of the materials used in the 
present study and similar materials tested by various 
techniques in other reactors. Where possible, the com- 
parisons have been made at a similar fluence. Hes- 
keth's data [3] on Zircaloy-2 is a noted exception 
since they were obtained at fluences of less than 
3 X loz3 n/m2. The similarities in creep rates 
obtained using different test techniques give support 
to the stress-relaxation test for determining creep 
behaviour at low stresses where unixial in-reactor 
creep tests have not been possible. 

A number of theories to account for irradiation- 
enhanced creep, particularly stress-oriented loop 
nucleation, SIPA, and irradiationenhanced climb- 
glide models are currently being discussed in the liter- 
ature. A study of the damage structure of annealed 
Zircaloy-2 following a stress-relaxation test at 573 K 
[19], indicated that dislocation loops visible in the 
electron microscope could account for only a small 
portion of the observed strain. It has also been ob- 
served that in unstressed specimens, both the number 
and size of loops virtually saturate at quite low doses 
at this temperature [20]. We shall therefore assume 
that the dislocation loops are not responsible for the 
observed creep, leaving the other two theories which 
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Table 3 
Comparisons of the effect of test temperature on creep coefficient as determined by different in-reactor creep testing techniques 

Material Temperature Creep coefficient C Test Reference 
(K) technique 

Nickel 340 11 x lod dpa-I MPa-I Bending S-R This work 
550 9 Spring CR [I51 
570 8 Bending S-R This work 

Inconel X-750 340 5.7 X 10" dpa-' MP~- '  Bending S-R This work 
570 2.4 Bending S-R This work 
644 1 Spring S-R [I61 

304 stainless steel 340 1.3 X 10" dpa-' MPa-l Bending S-R This work 
570 1.1 Bending S-R This work 
640 0.8 Tube CR [171 

Zircaloy-2 7 8 10 X (n/mz)-' MP~- '  Spring CR [31 
316 5 Spring CR [3] 
340 0.4 Bending S-R This work 

. 570 0.4 a) Bending S-R This work 
Maraged steel 
18Ni-8Co 330 0.3 X lom3' (n/m2)-I Mpa-' Bending S-R This work 
18Ni-8Co 570 0.2 Bending S-R This work 
14Cr-6Ni (Almar 362) 330 0.2 Bending S-R [181 
14Cr-6Ni (Almar 362) 560 0.2 Bending S-R 1181 

S-R = stress-relaxation, CR = creep. 
a) Derived for data at fluences above 2 X 1024 n/m2. 

both depend on the climb of network dislocations. 
As noted in the Introduction, a weak temperzture 

dependence of creep, such as observed in this work, 
would not be anticipated from a model based on 
steady state dislocation climb once point defect anni- 
hilation becomes dominated by vacancy -interstitial 
recombination. Since divacancies are more mobile 
than monovacancies, i t  seemed possible that their 
inclusion in a theoretical analysis might help to  
account for the weak temperature dependence ob- 
served experimentally. Consequently, calculations 
have been performed, using rate theory described 
elsewhere in these proceedings [9], to examine this 
possibility. The creep rate is assumed to result from 
the climb of network dislocations; a glide component 
has not been included. The materials used in this 
study melt at temperatures (or have effective melting 
temperatures where a phase transformation occurs in 
the solid state) of the order of 1800 K, and all were 
tested in the annealed condition. The calculations 
have therefore been done for a "model" metal, using 
reasonable material and point defect parameters, 
listed in table 4. Other relevant parameters are listed 

elsewhere [9], together with details of the rate theory 
equations used to calculate the point defect kinetics. 
It is assumed that there are equal numbers of edge 
and screw dislocations in the network, that their Bur- 
gers vectors are distributed randomly, and that the 
grain shape is equiaxed *. In view of the low testing 
temperatures, the possibility of void formation has 
been omitted from the calculations. With this iso- 
tropic structure, the steady-state irradiation growth 
rate (o = 0) is found to be zero, as expected. 

The only significant difference between calcula- 
tions of creep and irradiation growth is the inclusion 
of a stress dependent term in the expression for the 
bias interaction between interstitials and dislocations. 
The form of the bias factors used by Bullough and 
co-workers [ I  2,131 has been used for the calcula- 
tions: 

Here, Zf+, is the bias factor with zero stress, due to 

* Divacancy formation is assumed to occur only by random 
encounters between monovacancies. 
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Table 4 
Physical parameters used for the calculations 

Grain diameter 
Dislocation density 
Vacancy formation energy 
Vacancy migration energy 
Divancy migration energy 
Divacancy binding energy 
Interstitial formation energy 
Interstitial migaration energy 
Fraction of defects surviving spontaneous 
recombination in the cascade 

the misfit interaction, and the function g(AG, AK) 
[12,2 11 defines the inhomogeneity interaction in 
terms of the local changes in shear modulus (AG), 
and bulk modulus (AK), caused by the point defect, 
x. For the analysis AKv = AG, = 0 ,  and Mi = 0.5K 
and AGi = - 0.5G where K and G are the bulk and 
shear moduli of the metal. 

Fig. 2a plots the creep rate, calculated as the dif- 
ference between the elongation rate with an applied 
stress of 100 MPa and that with zero stress, as a func- 
tion of temperature, and illustrates the effect of 
including (dotted line) or omitting (solid line) diva- 
cancies from the calculation. Steady-state rates were 
attained at reasonably short doses at the higher tem- 
peratures, and have been plotted as such. However, at 
the lower temperatures, where vacancy mobility is 
low, the doses required before steady-state is reached 
are high and the creep rates at specific doses have 

. 

been plotted. The effects of divacancies are to 
increase the steady-state rate, by roughly an order of 
magnitude in the range 400-500 K, and to decrease 
the temperature of the transition from steady-state to  
transient behaviour at any given dose. With divacan- 
cies absent, the activation energy controlling the 
steady-state rate is equal to  half the vacancy migra- 
tion energy, iEk .  With divacancies included in the 
calculation, the activation energy becomes less than 
;EL,  equivalent to an increase in the vacancy mobil- 
ity. In either case, the creep rate at 350 K is pre- 
dicted to  be at least two orders of magnitude lower 
than at 550 K, assuming the dislocation density to be 
the same at both temperatures. The absolute creep 
rates are also much lower than observed experimen- 
tally, by three orders of magnitude at 550 K and by 

STATE)  \ \ 

Fig. 2. Strain rate as a function of temperature, calculated 
using rate theory, for an applied tensile stress of 100 MPa: (a) 
component of strain rate due to the stress above, (b) total 
strain rate, including a swelling component at temperatures 
and doses where steady-state has not been reached. The 
values of dpa refer to the defects created; 50% of these are 
assumed to survive hstantaneous recombination. 
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nearly five orders of magnitude at 350 K. 
Fig. 2b plots the total elongation rate, for an 

applied stress of 100 MPa, as a function of tempera- 
ture. Comparison with fig. 2a shows that at the lower 
temperatures, the total rate is more than three orders 
of magnitude greater than the creep rate in the same 
temperature range, and is greater than the steady- 
state creep rates at the higher temperatures. The 
increased total rate is a result of a swelling compo- 
nent produced by the build-up of vacancies in the lat- 
tice during the transient period. 

Numerical calculations show that the steady-state 
creep rate is proportional to  the dislocation den- 
sity. Thus a dislocation-density of the order of 
1016 m-2 would be required to account for the creep 
rate observed at 550 K. There is no evidence for such 
a high dislocation density in irradiated Zircaloy, or in 
the other materials used in this study. The dislocation 
density required to give creep rates at 350 K compara- 
ble to  those observed is, of course, unreasonably high. 

A second possibility to  resolve the discrepancy 
between calculated and observed creep rates would be 
to assume a climb-controlled ghde model. However, it 
is difficult to reconcile this mechanism with the 
observation that the strain in bent-beam, stress-. 
relaxation specimens can be largely recovered by 
post-irradiation annealing 1221. 

The weak (or negative) temperature dependence of 
the experimental relaxation rates is the feature most 
difficult to rationalize. Such an effect appears to be 
quite general, occurring over temperature ranges of 
several hundred degrees in non-metals such as UC, UN 
and U02 [23], and graphite [24,25], as well as in 
metals. A weak temperature dependence has also 
been reported for irradiation growth of cold-worked 
Zircaloy-2, which had apparently reached steady- 
state, in the temperature range 350-550 K [26]. 
With any of the mechanisms considered here, an 
increasing rate of recombination with decreasing 
temperature would give rise t o  a significant tempera- 
ture dependence of the steady-state creep rate, unless 
unreasonably high, temperature-dependent disloca- 
tion densities were formed at the lower temperatures. 
Such a possibility is inconsistent with observations 
which show lower increments of yield stress with 
decreasing irradiation temperature [27]. A second 
anomaly is that there appears to  be little evidence 
that either creep orgrowth rates at low temperatures 

diminish with dose, as would be expected if recombi- 
nation increased as a result of the increasing concen- 
tration of vacancies during the transient period. It 
therefore appears that many materials behave as if 
recombination does not dominate point defect 
annealing at low (50.2 T,) temperatures under nor- 
mal reactor conditions. This could be understood if 
the average vacancy mobility were enhanced in some 
manner. One possibility is that divacancies are pro- 
duced directly in the cascades. This would give more 
efficient divacancy production at low temperatures 
than would random encounters between migrating 
monovacancies. Calculations will be done to assess 
this possibility. An alternative explanation is that 
vacancy migration is stimulated by either thermal 
spikes or as a result of subthreshold atomic collisions 
during irradiation. At low temperatures, when ther- 
mal agitation becomes neghgible, the stimulation pro- 
cesses would provide the principle means of vacancy 
migration and irradiation creep and growth would 
become essentially athermal in nature. 

5. Conclusions 

The weak temperature dependence observed in 
stress-relaxation tests on different materials cannot be 
accounted for by current theories of steady-state 
creep which are based on dislocation climb. The 
inclusion of more mobile divacancies in the calcula- 
tion did not provide an explanation either, thus indi- 
cating the need for further work. 
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