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Abstract

By using the ordering alloy Cu-jAu and measuring resistivity changes

during and following fast-neutron irradiations under well-controlled

conditions in the Radiation Effects Facility at the Intense Pulsed Neutron

Source at Argonne National Laboratory, we have studied cascade defect

production and irradiation enhanced diffusion between 10 and 460 K.

Ordering and disordering rates were measured as functions of irradiation

temperature, neutron dose, neutron dose rate, time following cessation of

flux, and step annealing. Free and clustered vacancy production was

observed. The temperature dependence of the production of total migrating

vacancy concentrations was determined. Vacancy sink production was linear

with neutron dose and is compared with recent transmission electron

microscopy experiments on the production of dislocation loops in this

alloy. Time dependent and quasi-steady state vacancy concentrations were

measured and compared with solutions of reaction rate equations for

irradiation enhanced diffusion. The influence of recombination of

vacancies with interstitials is observed at low sink concentrations (low

neutron doses).

Key Words; Cascade Defects, Diffusion, Neutron Irradiation,
Resistivity, Disordering, Ordering.
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Introduction

Most theorists and many experimentalists in the field of irradiation

effects in metals have employed equations based on chemical reaction rate

theory to explain irradiation effects dependent on point defect

diffusion. The application of this theory to radiation enhanced diffusion

was well reviewed by R. Sizmann in 1978 [1], He summarized the outstanding

difficulties in the field to consist of irreproducibility and multiple

interpretations of experiments, and theoretical models which are too

simple. Since then the models have become more complex only through the

addition of terms to the original reaction rate equations with the need for

numerical methods and computers to solve them. With the addition of more

adjustable parameters, the judgement of Sizmann still stands that there

exists "an uneasiness of faith in such existing theories or experiments".

He goes on to point out that the difficulties in applying theory to

experiment grow considerably with defect cascade-producing irradiations

such as fast neutrons or heavy ions. Time dependent sink concentrations,

temperature dependent free defect production rates, and unequal production

of vacancies and interstitials are some of the major problems to be

encountered.

To date the most successful work to challenge all these difficulties is

that of J. Hillairet and coworkers. The complexities mentioned above and

*Work supported by the U. S. Department of Energy, BES-Materials Sciences,
under Contract W-31-109-Eng-38 (ANL).



those of short range ordering in the AgZn system are reflected in a 7 year

span of publications [2,3] of irradiation enhanced diffusion experiments in

this one system. Their success is strong testimony to their courage,

perseverance and freedom. We are thankful to have their work as guidance

in a similar though more modest experimental effort in the well known Cu^Au

system. Our undertaking did not so much presume success in the face of

Sizmann's comments, but rather reflects an initial ignorance of them.

Our experiment consisted of measuring resistivity changes in the

ordering alloy CU3AU during and following fast-neutron irradiations under

well-controlled conditions in the Radiation Effects Facility at the Intense

Pulsed Neutron Source at Argonne National Laboratory. Ordering and

disordering rates were measured as functions of irradiation temperature,

neutron dose, neutron dose rate, neutron pulse structure, time following

cessation of flux, degree of sample long-range order and step annealing.

In this way we have studied cascade defect production, irradiation enhanced

diffusion and disordering and ordering mechanisms over a temperature range

of 10 to 460 K.

We have chosen to report here an analysis of that part of the data

pertinent to cascade defect production and irradiation enhanced

diffusion. This analysis, though not final, illustrates several major

results to date. Discussion of ordering theories, necessary for a complete

presentation of the results, will be deferred to later publication.

Experiment

Wire samples of CugAu were produced from a bulk alloy formed by arc

melting the required amounts of high purity Cu and Au. Wet chemical

analysis of several wire segments revealed a compositional variation of

about ± 1 atomic % centered near 25 at.% Au. A more accurate measurement



has been found desirable and is being performed on samples used in this

experiment. Large ordered domains •(> 100 nm) were formed in all ordered

samples by a one month anneal just below the critical ordering temperature

(390 C). Quenching samples equilibrated at different temperatures produced

a range of degrees of long-range order. Results from only one partially

ordered (S ~0.8) sample are reported here.

Neutron irradiations and resistivity measurements were performed in one

of the two cryostats in the Radiation Effects Facility at the Intense

Pulsed Neutron Source at Argonne National Laboratory. This facility

possessed (It was closed down in 1984.) a well characterized source of

spallation neutrons with a degraded fission-like spectrum [4]. Neutron

flux had been accurately (to 10%, E > 0.1 MeV) determined in the sample

positions and was monitored via the proton current into the spallation

target. Total neutron dose and neutron flux gradients were additionally

measured by y-counting the CU3AU samples themselves at the end of the

experiment. Unique aspects of this- accelerator-based facility, such as low

Y heating and instant on and off control of the neutron flux, were well

utilized in the experiment. Sample temperatures were changed and

stabilized within several minutes over a range of 10 to 460 K; temperature

control was typically ± 0.03 K over one hour, the time of a typical test

irradiation.

Resistivity measurements, made using standard techniques, were

performed by computer control, typically every 30 seconds, and corrected

for temperature variations. An irradiation and measurement program was

devised to maximize the usefulness of the data while varying irradiation

temperature, neutron dose and dose rate. Between short (30-60 rain) test

irradiations, samples were annealed in situ at 480 K to remove vacancy



clusters (but not dislocation loops) produced in the preceeding

irradiation. This was necessary to maintain control of the sink density

and vacancy source terms during the following irradiations. Following test

irradiations the decay of the irradiation produced vacancy concentration

was measured. One result of this schedule was that the neutron source was

"on" less than 30% of the time during the 10 day experimental run, but over

10" resistivity measurements were made. An example of a single test

irradiation at 340 K is shown in Fig. 1.

Theory of Analysis

We begin with the assumption of the Muto relation [5] betwean atomic

long-range order (S, defined as by Bragg-Williams [6]) and resistivity

(p). For small changes in order this relation becomes

AS = - Ap [4(p s = Q- P)(P S = O- P S = 1)]"
1 / 2 (1)

Values of PS_Q and p s = 1 were determined experimentally as functions of

temperature with careful attention paid to alloy composition and the

original ordering anneal programs. To our knowledge the validity of this

relation has not been directly determined experimentally but has been

argued to be valid at least over the range 0.8 < S < 1.0 [7].

We next assume ordering by a vacancy mechanism. The evidence, despite

some controversy, seems to strongly favor a vacancy mechanism of some form

in this and a number of other ordering alloys. The interstitial is assumed

to migrate on the Cu sublattice without significant order changes. The

ordering rate is thus proportional to an appropriate vacancy concentration

times the probability of ordering per vacancy jump (or combination of

vacancy jumps):



where in our irradiation case the total concentration of vacancies depends

on order parameter (S), temperature (T), neutron dose (<}>, producing a sink

concentration, C_), neutron dose rate (<f>) and time (t). The effect of

sublattice, order and temperature is found in the function P which contains

the essentials of an ordering theory. Order dependent features in our data

have led us to a modified Vineyard treatment [8] of the ordering

probability. The simpler Dienes theory [9] did not fit our order dependent

data as well. The order dependence in the vacancy concentration comes in

the vacancy migration enthalpy.

The rate of change of the defect concentrations (vacancy, Cv and

interstitial, C^) can be expressed within reaction rate formalism as

dC
-j-^- = K - K. C.C - K C C + (v.cl.t.) (3)
dt vo iv I v vs v s '

dC
-r-i = K, - K. C.C - K. C.C + (v.cl.t) (4)
dt io iv i v is i s '

with appropriate kinetic equations for production and removal of vacancy

clusters, v.cl.t. stands for vacancy cluster terms whose importance

depends on the irradiation temperature. Other terms are free defect

production, K ^ for vacancies and K^Q for interstitials, mutual

recombination rates, KJV> which are proportional to defect mobilities, and

rates of annihilation at sinks, K^g and % s . A complete discussion of these

terms and regions of solution to the simple forms of equations (3) and (4)

can be found in [1]. We are currently fitting solutions to equations (3)



and (4) to quite extensive data analyzed with equations (1) and (2).

Simplicity and a minimum of parameters and assumptions is the goal. A

final best fit to the data and range of acceptable fits by parametric

variations will be achieved. The basic defect cascade model needed to

understand the data is what we will present here.

Results and Discussion

Periodically through the course of the irradiation program and

following the low temperature irradiations, a step anneal experiment was

performed. The results of one such experiment and part of another are

displayed in Fig. 2. The change in order for one hour anneals at

successively higher temperatures is shown in the "isochronal" curves.

Results from two different total dose levels are displayed. The test dose

at low temperature was about 1.0 x 10 n/cm in both cases. A correction

for the measured effect of thermal vacancies is illustrated in the low dose

case. No measurable ordering (on this scale) was observed from 10 to 250

K. A noticeable shift in the ordering rate peak just above 300 K at the

higher total dose, is due to the higher sink concentration produced by this
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total dose of 1.5 x 10 n/cm . The relaxation times for the low dose step

anneal data are displayed in the lower half of Fig. 2. While these are

obviously not true isothermal anneals, the data is useful in a qualitative

sense. The "isochronal" and "isothermal" data serve to give a picture of

annealing of the cascade vacancy population which we suggest to be

interpreted in the following way. The well-separated peak between 300 and

350 K in the low dose "isochronal" data is due primarily to the free

vacancy concentration produced in defect cascades created by the fast

neutron irradiation, A characteristic signature (integral sign) of this

well separated process is displayed by the "isothermal" data in the same



temperature range. Clustered vacancies were released in several, perhaps

about four, overlapping stages at higher temperatures. The "isothermal"

data shows this more clearly than the "isochronal" data, and can be used

for crude estimates of binding energies. Vacancy dislocation loops formed

at some defect cascade sites were not observed here, except as one of

possibly several sources of thermal vacancies. The loops were "observed"

as vacancy sinks and will be discussed shortly. The above interpretation

of the annealing spectra is not based solely on that data, but more

substantially on the irradiation data.

The irradiation data can be separated into three regions on the curve

of Fig. 1. The first is referred to as the build-up in vacancy

concentration and was observed to occur from 1800 (flux turn-on) to roughly

4000 seconds. The second region is referred to as quasi-steady state and

was from about 4000 seconds to the time of flux turn-off (~5500 seconds)

where the resistivity was decreasing linearly in time during the

irradiation. The third region is the decay of the vacancy concentration

following flux turn-off. Appropriate forms of equations (3) and (4) were

solved in all three regions. The only time dependent processes observed in

this experiment were those associated with the vacancy population produced

by the irradiation. The relaxation time for ordering far exceeded the time

scale of these test irradiations in this alloy under these experimental

conditions.

In quasi-steady state, the ordering rate as a function of total dose is

illustrated in Fig. 3 for test irradiations at 340 K and three dose rates

(restricted by time and accelerator operation). The fit of theory to data

is in error by a constant factor which will not concern us here. At 340 K

the ordering rate was dominated (~80%) by the free vacancy contribution to



the total vacancy concentration mobile at this temperature. The remaining

20% came from vacancy emission from the weakest bound cluster centered at

340-350 K (Fig. 2). The essential behavior illustrated in Fig. 3 is the

precipitous drop in the ordering rate with total neutron dose. This was

caused by the production of vacancy sinks, which were primarily, at these

doses and due to the annealing program between test irradiations, vacancy

dislocation loops formed by collapse of some defect cascades. The

observation of these loops by transmission electron microscopy in this

alloy is well established [10], The data of Fig. 3 is modeled well by eqs.

(3) and (4) with a sink production term (Cg) linear in total neutron dose

with a neutron (E > 0.1 MeV) cross section of 650 barns for the production

of a concentration of total atomic sites that can absorb a vacancy.

The difference in ordering rate with dose rate (Fig. 3) is accounted

for by concentrations of mobile interstitials. Effects of recombination of

vacancies and interstitials were observed at 340 K to be greatest at very

low doses, while sink dominant behavior occurred by 1.5 x 10 n/cm .

The time dependence of the vacancy concentration with flux turn-on

(build-up) and flux turn-off (decay) at 300 K is illustrated in Fig. 4 as a

function of total neutron dose. As the sink concentration increased with

dose, the relaxation times decreased (T increasing). An almost linear

increase in T with dose indicates a dominance of the free vacancy process

of migration to sinks at this temperature. The shorter lifetime for

vacancies during build-up was due to the presence of interstitials during

flux-on but not flux-off (decay) times. At higher temperatures another

time dependent, but dose independent, process superposed, that of vacancy

emission from clusters.



The temperature dependence of the relaxation time for decay is shown in

Fig. 5. The data is reasonably well modeled between 300 and 400 K by

equations (3) and (4) with two types of vacancy clusters. Above 400 K we

need to include the effects of emission of vacancies from one or two more

types of vacancy clusters. At 280 K the vacancy motion was so sluggish as

to probably give sizeable measurement error in the relaxation time. A

simple theory with free vacancies only of course yields a straight line on

this Arrhenius plot.

The quasi-steady state ordering rate is plotted in Fig. 6 as a function

of irradiation temperature. Along with experimental data the results of

solutions to equations (2), (3) and (4) are given for free vacancies only

(A), free vacancies plus one type of cluster source (B), and free vacancies

plus two types of cluster sources (C). (Note, we have illustrated the same

solutions, without change in any parameter, in Figs. 3-6.) A disordering

rate of about -0.5 (10 cm /n) is shown. This disordering rate has been

assumed constant with temperature to 450 K. We have actually measured an

interesting, and partially unexplained, temperature dependence of

disordering between 10 and about 320 K. The variation with temperature is

not large on the scale of Fig. 6; the assumption that it is constant is not

very critical for our purposes here.

The onset of a significant concentration of thermal vacancies is seen

in Fig. 2 to be around 450 K, where also the concentration of clustered

vacancies appears to decrease. Measuring the relative contribution of the

various vacancy sources from Fig. 6 at 440 K yields the following. Of the

total irradiation produced vacancies outside of dislocation loops, about

47% are produced capable of free migration, 15% are produced in each of the

two types of lowest temperature vacancy clusters, and about 23% in one or
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two higher temperature clusters.

The trapping effectiveness of a vacancy dislocation loop can be

estimated. The neutron (En > 0.1 MeV) cross section to produce recoils

events with E > 10 keV in CU3AU irradiated in this neutron energy spectrum

is about 3 barns [11]. Assuming that the ion irradiation result at 50 keV

recoil euergy [12] also applies in this neutron recoil spectrum, about 1/2

of all cascades (Ereco:{i > 10 keV) collapse to dislocation loops. (We will

soon measure this directly on neutron irradiated samples.) Therefore, with

a cross section for vacancy trapping sites of 650 barns (based on the fit

of theory to data in Fig. 3), we calculate 400 trapping sites per average

dislocation loop. The diameter of the average vacancy dislocation loop

produced by low dose fast neutron irradiation will probably be 4.0 to 5.0

nm, which yields between 7 and 10 trapping sites per circumference atom of

a {111} Frank loop.
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Figure Captions

Fig. 1. Change in resistivity with time during and following a test

neutron irradiation of CU3AU (partially ordered) at 340 K.

Fig. 2. Results of step annealing experiments following low temperature

(10 K) test irradiations. "Isochronal" anneals determined (at

temperature) order changes over one hour at successively higher

temperatures and at two total dose levels (neutron energies,

E n > 0.1 MeV). Simultaneous "isothermal" anneals determined

relaxation times in low dose step annealing experiment.

Fig. 3. Decrease in quasi-steady state ordering rate with neutron dose for

test irradiations at 340 K and three dose rates (En > 0.1 MeV).

Theory is from solution of equations (3) and (4) in quasi-steady

state.

Fig. 4. Behavior of relaxation times with neutron dose from time dependent

regimes of build-up to a quasi-steady state vacancy concentration

(flux-on) and decay of vacancy concentration (flux-off). Theory

is from solutions to equations (3) and (4).

Fig. 5. Temperature behavior of relaxation time for decay of vacancy

concentration following irradiation. Theory points (A) are from

solution to equations (3) and (4) with two types of vacancy

clusters.

Fig. 6. Ordering rate during irradiation in quasi-steady state as a

•function of irradiation temperature.
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