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ABSTRACT 
We irradiate three CUjAu alloys with different degrees of Initial 

long-range order at temperatures between 300K and 434K. The resistivity of 
samples are monitored during Irradiation and related to the long-range order 
parameter by the Nuto relation. The results show that the ordering rate, 
which is proportional to the concentration of freely migrating vacancies, 
increases at the beginning and then decreases later with fluence. The 
decrease is a result of the continuous production of sink: in the form of 
dislocation loops. The effect of sinks on vacancy annihilation in some cases 
causes a reversed temperature dependence of ordering rate. The free vacancy 
production rate and the rate of sink production is determined using an 
ordering kinetics theory. The results of the 14 HeV neutron irradiations are 
compared to those obtained in other neutron spectra and particle 
irradiations. The estimated free vacancy production rate is also compared to 
the primary defect production rate measured at 4.2K in disordered samples. 

*Work supported by the US Department of Energy, Office of Fusion Energy, 
through the Lawrence Livermore National Laboratory under contract 
#W-7405-Eng-48, and Office of Basic Energy Sciences, Division of Materials 
Science, through the Argonne National Laboratory under contract No. 
W-31-109-ENG-38. 
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1. Introduction 

fxtensive effort has been made in past decades to study defect production 
by different kinds of particle irradiation. Through both computer simulation 
[1-3] and transmission electron microscope observation, [4-8] it is now 
recognized that one of the important variables in defect production is the 
energy of particles. As this energy increases, the primary recoil energy of 
Irradiated material Increases, and the defect configuration changes from a 
randomly distributed Frenkel pair to a configuration of defects in close 
proximity to each other in cascades. As a result, the probability for defects 
to freely escape from a cascade decreases. 

An accurate understanding of free defect production rate is particularly 
important for materials irradiated by fusion neutrons since the neutron energy 
is on the order of 10 MeV and defects are all produced In cascades. There are 
several studies on defect production by fusion neutrons [9-10]. These studies 
are primarily based upon measurement of resistivity change at liquid helium 
temperature with 14 NeV neutron irradiation. The main results of these work 
are that defect production rate for high energy fusion neutron irradiation is 
a factor of 3 cr 4 less than that for electron or low-energy light Ion 
Irradiation. There are not too many studies of defect production at elevated 
temperature in fusion neutron environments. The Intent of this work is to 
measure free defect production in Cu.Au at elevated temperatures using high 
energy fusion neutron irradiation. This alloy is chosen since (1) it has been 
well-known that irradiation changes its degree of long-range ordering [11-13]; 
(2) interstitials won't contribute to ordering [14] due to the large 
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difference in atomic size between Au and Cu, thus it is possible to 
independently study the free vacancy production rate; (3) there already exists 
data on defect production for this alloy irradiated by lower energy particles 
[4, 13] which can be used to compare with our results. 

2. Experimental Procedures 

Three high purity Cu,Au, with different degrees of long-range order, 
are studied. The fully-ordered sample was annealed at 873 K and very slowly 
cooled through its ordering temperature (663 K). The resistivity of this 
sample was measured as 11.26. nan at 4.2 K. Using the Muto relation [15] 
the S (defined by Bragg-William [16]) for this sample was calculated as 
.9985. The second sample was prepared by annealing at 873 K, slowly cooling 
to 655 K, then quenched to ambient temperature. The measured resistivity is 
44.80 nan at 4.2 K, and the calculated S is .7776. The third sample was 
quenched from 873 K after annealing. The S is .3012 and the resistivity is 
88.74 nam. This resistivity value is lower than [12] expected for a fully 
disordered sample of Cu.Au. This is resulted from slight reordering during 
the process of soldering potential and current lead wires to the sample. The 
irradiation was conducted in a vacuum environment. During Irradiation, 

resistivities of samples were measured in-situ. The vacuum in the sample 
-7 -5 

chamber was 10 tnbar before irradiation and about 10 mbar during 
irradiation. Irradiation was conducted sequentially at 414, 393, 373, 353, 
333, 313, 434, and 414 K. Between each irradiation, the sample was raised to 
434 K for one hour to anneal the defects induced in the previous run. The 
temperature fluctuation during irradiation was maintained to a variation of 
about 2 K. 
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The irradiation was performed at the Rotating Target Neutron Source 
(RTNS-II) of Lawrence Livermore National Laboratory. The neutron spectrum has 
an average energy of 14.8 HeV. The dosimetry technique has been mentioned in 
a previous paper [17] and will not be mentioned here again. 

3. Experimental Results 

Table 1 summarizes the total fluences and resistivity changes for the 
three samples. The partially ordered sample has the highest change in 
resistivity, and the fully-disordered sample has the smallest change. Due to 
small fluctuation In temperature, the data for the fully-ordered and 
fully-disordered samples scatter so much that we can not see a consistent 
Irradiation ordering or disordering behavior. These data are corrected as 
follows: We assume that the resistivity change for the fully-disordered 
sample 1s totally due to disordering and Frenkel pairs. This resistivity 
change Is estimated from the data of disordering kinetics and defect 
production reported in a previous paper [18]. The temperature 1s then 
corrected based on this estimated resistivity change and the temperature 
coefficient of resistivity for this sample (7.J nc-cm/K). Using the 
corrected temperature and the temperature coefficients for the other two 
samples (11.15 no-cm/ K for S - .9985 and 10.06 nn-cm/ K for S « .7776), 
the resistivity changes for the other two samples are corrected. The 
corrected resistivity changes are given In Table 1. For the sample with 
S -.9985, In the first irradiation (T - 414 K), the ordering rate surpasses 
the disordering rate and the resistivity change 1s negative. In the 
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following Irradiations the disordering rate surpasses the ordering rate and 
the changes are positive. Even when the temperature was raised back to 434 K, 
the resistivity changes are still positive, thus the decreased ordering rate 
1s not only due to lower temperature, but also due to increasing fluence. 

For the sample with S - .7776, the ordering rate Is faster than the 
disordering rate and the resistivity changes are positive 1n the first four 
Irradiations (T - 414, 393, 373, and 353 K). In the subsequent Irradiations 
(T - 333 and 313 K) the disordering rate Is faster and the changes are 
positive. When the irradiation temperature Is raised to 434 K, the ordering 
rate is again faster and the resistivity change 1s negative. However, this 
rate Is not as fast as that in the first 414 K Irradiation even though the 
temperature is higher. The time dependence of resistivity change for this 
sample 1s also shown in Fig. 1. These data are subjected to further analysis 
in the next section. 

4. Analysis and Discussion 
4.1 Ordering Kinetics 

We first start with the Huto equation [15] relating resistivity p(S) to 
the long range order parameter, S, as follows, 

/«» 1/2 / P 0 - P ( S K 

where p. and p. are the resistivity of samples at S = 0 and 1, 
respectively. The resistivity P(S), are the measured data minus the 
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resistivity Increase due to Frenkol i»airs. The resistivity increase due to 
Frenkel pairs at 4.2 K was measured 1f» previous work [18]. For the current 
purpose, the value at elevated temperature is assumed to be 10% of that at 
4.2 K. 

To calculate ordering rate, (dS/dt) d, the rate of change In S, dS/dt, 
is assumed as the sum of disordering rate, (dS/dt) d 1 and ordering ratt 
(dS/dt) o r d. The disordering rate Is calculated by the Aronln equation [19], 
(dS/dt) d. - -K*S, where the constant K has been shown [18] to be slightly 
dependent on temperature and S in Cu,Au. For the current purpose It 1s 

-23 2 adequate to approximate it by a constant value, 2.7 x 10 m /neutron [18]. 

A typical plot of calculated ordering rates versus time are shown in 
Figures for the irradiation at 414 K. Note for each Irradiation, the rate 
Increases at the very beginning to a maximum value, then decreases with time. 
The increase of ordering rate with time in the early stage of irradiation 
arises from the build-up of vacancy concentration (the ordering rate Is 
proportional to vacancy concentration). The subsequent decrease of ordering 
rate Is due to the loss of vacancies to sf^s. The continuous drop of 
ordering rate with time Indicates that the sink density Increases with time or 
fluence. This effect is especially clear when one compares the resistivity 
data (Fig. 1) of the first 414 K Irradiation with those of the second 414 K 
Irradiation. 

Although no direct observation of sinks Is attempted in this work, the 
sinks are believed to be vacancy dislocation loops produced from the collapse 
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of displacement cascades. Studies by other authors [4] had shown that 
cascades collapsed to vacancy dislocation loops during 1on (50-100 KeV) 
Irradiation at both 30 and 300 K. For the higher temperatures we have here, 
the collapse probability will be even higher. 

4.2 Free Oefect Production Cross Section 

To estimate the free defect production cross section, we first assume 
that vacancy concentration (C y) 1s proportional to ordering rate according 
to the theory by Vineyard [20]. 

5§ - C v P(S.t) (2) 

where P(S,t) Is a function describing ordering probability. 

4 / 30 A0 B(1-S) 2-0 AD B(1+3S)(3+S) v 
P(S,t) - 3 ^ 3 ( o A + 0B)(l-S) + DA(l+3S) + 30 B(3+S)/ ( 3 ) 

0. and 0. are given as. 

" - 12 v A exp (~UA ± 3 VAS)/RT (4) 
DA 

and similar definition applies to 0- and D„. For simplicity, these two 
values are assumed equal to 0 A and 0., respectively. 
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In Eq. 3, v. 1s the vacancy jumping frequency and taken as 
13 5 x 10 /sec. U. 1s the motion energy of vacancy, taken as that of 

Cu (- .8 eV). U. Is one half of the difference of Cu-Cu and Au-Au bond 
energy, taken as .047 eV [20]. 

The vacancy concentration 1s expressed with reaction rate formalism as, 

3t* - "• " « 1 v C v C r Kvs Cs Cv <5> 

where K Is free vacancy production cross section, * Is flux, K. is the 
vacancy-Interstitial mutual recombination rate constant, and K Is the 
constant for a vacancy annihilated by a dislocation loop sink. 

A similar rate equation can be written for the Interstitial 
concentration. It should be noted that Eq. (5) neglects the contribution of 
vacancy clusters to defect emission. For further simplification the second 
term In Eq. (5), interstitial-vacancy recombination, Is also neglected in our 
analysis. As discussed by Sizmann [21], for high temperatures the rapid 
Interstitial annihilation by sinks keeps Its concentration low, therefore the 
mutual recombination Is unimportant. 

During the Initial stage when the sink contribution to vacancy 
annihilation Is low, the third term in Eq. (5) Is also inimportant. Thus 
Eq. (2) and (5) give 

— S - K*P (6) 
dt 2 
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Using the data 1n F1g 2 and Eq. (6), K*P is estimated as 
1.9 x 10~ 9sec~ 2. For this case the flux Is 3.5 x 10 1 5m~ 2sec~\ and 

• -30 2 
P can be estimated using F<j. (3). The calculated K value Is 1.7 x 10 m . 

2 2 Alternatively K can be estimated based on the difference of d S/dt 
before the flux 1s truned off and that e?ier It Is turned off. Combination of 
Eqs. (2) and (5) gives this difference equal to K*P. Using the data In 
Fig. 2, the K*P 1s estimated as 1.2 x 10 _ 9sec" 2. The flux at this 
Instance 1s 6 x 10 1 5m~ 2sec _ 1. This give X - 6.3 x 1 0 ~ 3 V . This 
differs from the above value by a factor about three. This variation arises 
from temperature fluctuation and the lack of adequate data to evaluate 
d2S/dt during the flux-on and -off transients. 

It 1s Interesting to compare the free defect production at high 
temperatures with that at 4.2 K. Resistivity damage rate at 4.2 K has been 

-31 3 measured for Cu3Au as 3 x 10 o-m . The resistivity of a Frenkel 
pair for Cu and Au is about 2 wQ-m £22]. This gives a defect production 

-25 2 cross section of 1.5 xlO m . Thus the free defect production rate at 
414 K i only abut 10~ 6~10~ 5 of that at 4.2 K. 

It 1s also Interesting to compare our results with the free defect 
production by fission neutron Irradiation. Hark et al. [13] measured the 
ordering rate of a partially ordered (S - .8) Cu„Au Irradiated by the 
Intense Pulsed Neutron Source (IPNS) of the Argonne National Lab. Based upon 
their data 1n the Initial transient period (given In Fig. 1 of reference 13) 
for a 340 K Irradiation, d 2S/dt 2 Is estimated as 2.2 x 10" 1 0sec - 2. 
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The flux for this case Is 8.2 x 10 m sec . Using the same analysis 
given above, the free vacancy production cross section is calculated as 
5.6 x 10 *. which 1s factor of 3-9 higher than our values. The damage 
energy cross section for 14 NeV neutron Is a factor of 5.4 higher than that 
for the IPNS fast neutron [18]. The free vacancy production efficiency for 
14 MeV neutron is then a factor of 16-50 lower on the basis of same amount 
of damage energy than that of the IPNS fast neutron. This result is 
consistent with the concept that free defect production is less efficient as 
the recoil energy of aton Increases. However, this result 1s in contrast to 
the results of 1on Irradiation at high temperatures on free Interstitial 
production 1n H1(S1) alloys [29]. These results show that the Interstitial 
production efficiency drops by more than 95% as the recoil energy Increased 
from 10 eV to 20 KeV, and then remained constant as the recoil energy 
increased further to 100 KeV. 

4.3 Sink Production 

* -9 -2 
Using the value of K+P derived above (1.9 x 10 sec ), and Eqs. 

(2) and (5), the sink density C , can be calculated. The rate coefficient 
* v s 1n Eq. (5) 1s related [21] to vacancy diffusion coefficient, D y > as 

3 
Kvs * ^ * r

s v
u v ' a **""* ° *s atomic volume, taken as (.28 nm) ; r 1s the 

sink annihilation radius, in the order of .3 nm [21]; and 0 1s calculated 
as a 2v exp <-4»,./kT): a - .28 nm. v « 5 x 10 1 3 s e c _ 1 . aH_ - .8 eV [12] 
k « Boltzman constant. 
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Figure 3 shows the calculated results as a function of dose for the two 
irradiations at 414 K (1st and 8th run). In the low dose regime, the 
pre-existing sinks are important and the dose dependence is not linear; in the 
high dose reglne, the relationship is «rlose to linear. This linear dependence 
of sink density versus dose is also reported by other authors [13]. 

The sink production cross sectio.i (defined as Cs,'+t in the linear 
-28 2 regime is calculated as 1.7 x 10 m . This value 1s close to the cascade 
-2B 2 production cross section, 3 x 10 m , observed from 14 NeV neutron 

Irradiated Au and Ag [22]. This result leads to a suggestion that almost 
every cascade collapses to form a dislocation loop, ihis Is consistent with 
the TEN observation by Black et al. [4] on ion irradiated Cu.Au at 300 K, 
where the cascade collapse probability is over 50*. 

5. Conclusions 

Irradiation at high temperatures produces freely migrating defects which 
are only a very small fraction of the total defects produced. In this work we 
have measured this fraction using 14 NeV neutron irradiation on Cu.Au at 
high temperature. The major conclusions are as follows: 

1) Irradiation induced both disordering and ordering in Cu.Au. The 
ordering rate increases first, then continuously decreases with 
dose. The Increase is due to the build-up of irradiation-produced 
free vacancies, and the decrease is due to the continuous 
development of dislocation loops which act as sinks for vacancies. 
This development arises from collapses of cascades and is linearly 
dependent upon dose. 
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2) Free defect production by 14 NeV neutrons at 414 K is only 
10~ 6 - 10~ 5 of total defect production at 4.2 K. 

3) Free defect production efficiency for 14 HeV fusion neutrons at high 
temperatures Is a factor of 16 ~ SO, on the basis of same damage 
energy, lower than that of spallation neutrons In the IPNS facility 
of Argonne National Laboratory. 
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Table 1 Summary of Resistivity Change in C113AU Irradiated by Fusion 
Neutrons 

Irr. 
Temp. 
(K) 

Sample 
Designation 

Fluence 
no 1 8/m 2i 
85 
93 
95 

Resistivi 
(10 "a-nO 
(Raw Data) 

10 
-302 

15 

ty Change 
(Corrected) 

414 
1st Run 

Ordered 
Partially Ordered 
Disordered 

Fluence 
no 1 8/m 2i 
85 
93 
95 

Resistivi 
(10 "a-nO 
(Raw Data) 

10 
-302 

15 
-11 

-320 
4 

393 
2nd Run 

Ordered 
Partially Ordered 
Disordered 

83 
91 
93 

+13 
-76 
-.9 

21 
-69 
4 

373 
3rd Run 

Ordered 
Partially Ordered 
Disordered 

83 
91 
93 

26 
-23 
4 

26 
-23 
4 

353 
4th Run 

Ordered 
Partially Ordered 
Disordered 

83 
91 
93 

49 
14 
18 

27 
-5 
4 

333 
5th Run 

Ordered 
Partially Ordered 
Disordered 

122 
134 
137 

35 
1 
3 

41 
7 
6 

313 
6th Run 

Ordered 
Partially Ordered 
Disordered 

126 
138 
141 

20 
-2 
-.9 

44 
18 
6 

434 
7th Run 

Ordered 
Partially Ordered 
Disordered 

83 
91 
93 

78 
41 
37 

24 
-10 
4 

414 
8th Run 

Ordered 
Partially Ordered 
Disordered 

86 
94 
96 

31 
7 
5 

26 
8 
4 

- 15 -



Figure Captions 

Figure 1. Resistivity change versus time for the partially ordered Cu.Au 
(SaO.78) irradiated by 14.8 HeV neutron. 

Figure 2. Calculated ordering rate versus time for the partially order Cu Au 
(Sa0.78) irradiated at 414 K. 

Figure 3. Analyzed sink density versus Irradiation fluence for the partially 
ordered Cu.Au (SmO.78) 
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