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Abstract 

The permeation rate of 222Rn (NRn) through the high purity annealed and cold worked Au was measured at 30-150°C on 
atomic scale by means of a modified highly sensitive a-spectroscopic method. Virgin annealed Au was impermeable to 
222Rn upto 150°C, but it became permeable after being subjected to a thermal cycle of negative magnitude, whereas virgin 
cold worked Au was highly permeable at room temperature. Prolonged isothermal holding resulted in permeation plateaux in 
annealed Au, and fairly well defined permeation peaks in cold worked Au. The activation energy of permeation in cold 
worked Au (18.0 to 22.5 kJ/mol) was appreciably smaller than that in annealed Au (33.2 to 35.4 kJ/mol), while in the 
former NRn was about two orders of magnitude higher. The observations have been interpreted in terms of capture of 
vacancies by diffusing 222Rn atoms and structural changes in diffusion paths (e.g., grain boundaries) by deformation induced 
defects. 

1. Introduction 

Extensive studies on gas permeation in materials mostly 
deal with hydrogen permeation due to the relative ease of 
measurements and importance of the topic in structural 
embrittlernent [1-5]. Permeability at low partial pressure 
is, however, not well understood, and even for the same 
material the permeability can differ by several orders of 
magnitude at a given temperature [1]. This divergence is 
believed to be mainly related to the surface processes and 
the characteristics of the trapping centres present in the 
materials [1-4]. Studies on the permeation of He has also 
drawn considerable attention in recent years due to the 
problem of He embrittlement of fusion reactors' structural 
components, which occurs by intergranular bubble forma- 
tion [6-10]. The permeation flux of inert gases in metals is 
usually very small, because the inert gases are almost 
insoluble in metals [11,12] due to their large size [13]. 
Studies on radon permeation/diffusion are relatively few 
in number. Matzke et al. [14] studied the Rn diffusion in 
cold worked Ag by the high energy ion bombardment 
technique, while Legoux and Merini [15] measured the 
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diffusivity of Rn in Ta by nuclear recoil. Both these 
methods measure transient diffusivity in the presence of 
radiation induced defects. Pabi and Hahn [16] developed a 
highly sensitive e~-spectroscopic method for measuring 
222Rn permeability on atomic scale (~  104 atoms/m z s). 
The method is able to track the 222Rn permeability in a 
material over a long period of time (e.g., months). They 
have found that 222Rn dissolves in polycrystalline Au, and 
its permeability in Au varies with the thermal history of 
the specimen at low homologous temperatures, T n (<  
0.27). However, they did not report any value for the 
activation energy of 222Rn permeation (Qp) in Au at 
different stages of the process. Recently, Bhattacharya and 
Pabi [17] have studied the 222Rn permeability in Pb at 
higher T H (> 0.68) using a modified version of the earlier 
a-spectroscopic method [16]. The investigation has re- 
vealed that permeability of 222Rn in Pb at high T n ( > 0.68) 
also depends strongly on the thermal schedule in the 
course of permeation. They have found that 222Rn perme- 
ability in Pb gradually increases to a plateau during pro- 
longed isothermal holding (> 135 h). The permeation 
takes place with an unusually low magnitude of Qp (=  8.2 
kJ/mol), possibly indicating that Z2ZRn permeates in an- 
nealed Pb mainly through the grain boundaries by captur- 
ing vacancies. 
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In case of permeation through Pb, it may be argued that 
the strong dependence of 222Rn permeability on the ther- 
mal history in the course of permeation may be due to the 
formation of surface layers (e.g., oxides) on Pb. However, 
the same argument would not hold well in case of Au. 
Permeation of a monatomic gas like e22Rn in a-noble metal 
like Au represents an ideal condition, where dissociation 
and recombination of permeating atoms at the specimen 
surfaces are not involved, and the possibility of formation 
of any surface oxide layer on specimen is excluded. Struc- 
tural imperfections produced by deformation of the speci- 
men can also influence the permeation characteristics [18- 
20]. The present paper reports for the first time a system- 
atic study of 222Rn permeability in annealed and cold 
worked Au at low T H (0.23 to 0.32) over an extended 
period of time. Since the present experimental method 
enables the measurement of 222Rn flux almost atom by 
atom, several new characteristic features of the permeation 
have been revealed. 

2. Experimental 

A high purity Au (99.995%) sheet of 1.5 mm thickness, 
received from Nuclear Fuel Complex, India, was cross 
rolled with intermediate annealing at 700°C to produce 
foils of ~ 26 Ixm thickness with a final deformation of 
38%. A portion of the foil was annealed at 700°C for 1 h. 
The foils were washed thoroughly in acetone and benzene 

before using them as specimen for the permeability mea- 
surements. For metallographic examination, a piece of the 
annealed and cold worked foil was electropolished (12 V, 
65°C) in an electrolyte containing 15 g chromic oxide, 75 
ml acetic acid and 3 ml distilled water, using a platinum 
cathode. The average grain size of the foils was measured 
by the standard intercept method [21]. 

Fig. 1 shows schematically the modified a-spectro- 
scopic method used for measuring 222Rn permeability. Its 
description, working principle along with its mathematical 
model have been given earlier [16,17]. In its essence, a 
226Ra needle of 0.5 mCi activity serves as a practically 
infinite source of 222Rn atoms [16,22,23] which permeate 
through the foils under investigation and accumulate in a 
metallic collection chamber (MCC), where they decay to 
218po ions. The 222Rn permeation flux (N~,) through the 
specimen is estimated through the following relation [16] 
using the a-decay counting rate ( I  s) of 218po that has been 
collected on the surface barrier a-detector by application 
of an electrostatic field: 

NRn = ( d l s / d t ) / ( f G Z A R n ) ;  kt << 1, (1) 

where the geometric efficiency of the detector G = 0.5 for 
a 41r emission, A is the area of the foil available for 
permeation, and kRn is the decay constant of 222Rn (2.1 × 
10 -6 s - l ) .  f and k are the net collection efficiency 
(0.192) and effective decay constant (2.3 × 10 -6 s - l ) ,  
respectively, which have been estimated in a manner out- 
lined earlier [17]. 
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Fig. 2. (1) Partial pressure Prn of 222Rn in the specimen chamber, 
and (2) permeation rate Nr, in cold worked Au, as a function of 
isothermal holding time at room temperature (30°C) in the 
preparatory period. 

Mathematical analysis of the measuring method took 
into account any possible loss of 2e2Rn, caused by its 
decay within the foil, as well as due to its adsorption by 
and leakage from the MCC [16]. The analysis evolved the 
guidelines for quantitative measurement of Nrn on atomic 
scale. By modifying the design of the electrostatic collec- 
tor and specimen holder, the present method can measure 
the eeZRn flux down to the order of 5000 atoms/m e s over 
a wider temperature range with better control over the 
process variables [17]. 

In the present experiments, the 226Ra needle was sealed 
in the specimen chamber using the foil specimen as the 
window. The specimen holder was then held at room 
temperature (30°C) for 35 d to achieve a steady state 
concentration or partial pressure ( ~ 5 × 10-7 torr) of radon 
inside the specimen camber (Fig. 2) [16,17]. During this 
'preparatory period' the specimen chamber was kept cou- 
pled with the MCC of the permeation measuring equip- 
ment (Fig. 1) to detect any permeation flux through the 
foil. Subsequently, permeation measurements were carried 
out at various temperatures, Tp (< 150°C), controlled to 
+ 0.05°C. 

3. Resul ts  

Measurements on the polished foil surface yielded an 
average grain size of 58 t~m in the cross rolled Au, while 
in the annealed (700°C, 1 h) recrystallized sample it was 
42 i~m. These sizes are considerably larger than the foil 
thickness (26 Ixm). Hence, most of the grain boundaries 
are expected to be almost in the transverse direction to the 
foil surface. 

Since the permeability in Au is known to depend on the 
thermal history of the specimen [16], the heat treatment 
schedule of the annealed and cold worked Au is displayed 
in Fig. 3a and b, respectively. Here, h6A, h8A (Fig. 3a), 

h2w, h4w, and h6w (Fig. 3b) represent step-heating experi- 
ments of short duration (~  12 h), while hlA, h2A, h3A, 
hsA , hTA, h9A (Fig. 3a), hlw, h3w, h5w , and hTw (Fig. 3b) 
are prolonged (>__ 108 h) isothermal holding treatments, 
and h4A is the schedule for introducing a thermal cycle of 
negative magnitude (TCNM). The permeation flux (Nrn) 
recorded in the course of these treatments (except in hlw) 
is also shown in Fig. 3, and Np~ in hlw is displayed in 
Fig. 2. 

Permeation measurements were carried out at 30, 50, 
60, 70, 80, 90, 100, 110, 120, 130, 140, and 150°C. Before 
starting the permeation measurements at any Tp, the MCC 
was flushed with dry air to remove any residual 222Rn 
atoms in it. Moreover, flushing was also done at an 
interval of 45,000 s in the course of prolonged measure- 
ments at any Tp to satisfy the condition kt << 1 in Eq. (1). 

Treatment hlA in Fig. 3a shows that the specimen 
chamber containing the annealed Au foil was initially held 
at room temperature (30°C) for 35 d, and during this 
preparatory period there was no permeation flux through 
the specimen. Isothermal holding of the annealed foil at 
100°C for 14 d (hzA) also did not show any permeation 
flux on atomic scale. Even after isothermal holding at 
150°C for 4.5 d (h3A), the foil remained impermeable to 
222Rn atoms. At this stage, the specimen was subjected to 
a TCNM comprising of cooling ( ~  5°C/min) to room 
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Fig. 3. Thermal schedule of (a) annealed and (b) cold worked Au 
specimen in the course of permeation. Filled circles show mea- 
sured NR, in the course of these treatments except in hlw, which 
is displayed in Fig. 2. 
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temperature (30°C) followed by isothermal holding for 12 
h and reheating to 100°C (i.e., treatment h4A in Fig. 3a). It 
was interesting to note that 222Rn started permeating 
through the annealed specimen. The permeation flux (NR,) 
gradually increased with the duration of isothermal holding 
(q )  at 100°C in treatment h5A (Fig. 3a) and reached a 
plateau, NRn(ste~dy ) after 3.2 × 105 s, while beyond 6.1 × 
105 s NRn showed a very marginal decline (Fig. 4a), 
possibly due to the contamination of the 222Rn diffusion 
paths by the daughter products. The step-heating treatment 
upto 130°C (in h6A, Fig. 3a) introduced at this stage 
yielded the activation energy of permeation, QP(tr) = 33.2 
± 0.7 kJ /mol ,  from an Arrhenius plot of NRn (Fig. 5a). 
During subsequent isothermal holding at 130°C in hyA the 
permeation flux (Nm~) once again attained a plateau (Fig. 
4a) in a manner similar to that at 100°C in hsA (Fig. 3a). 
As expected, NRn(steady ) at 130°C was higher than that at 
100°C (Fig. 4a). Immediately thereafter, the step-heating 
experiment haA (Fig. 3a) gave Op(tr) = 35.4 + 0.3 kJ /mol  
(Fig. 5a), which is quite consistent with the results of 
treatment h6A (Fig. 3a). Fig. 4a shows the course of 
attainment of  NRn(steady ) during the ensuing isothermal 
treatment at 150°C in h9A (Fig. 3a). It is interesting to note 
from Fig. 5a that the Arrhenius plot of NRn(steady), obtained 
during isothermal holding at 100, 130 and 150°C (i.e., in 
hsA, h7a and h9A of Fig. 3a), yielded QP(st) = 34.6 ± 0.9 
kJ /mol  (Fig. 5a), which was also quite close to QP(tr) 
determined by step-heating experiments h6A and hsA. 

The permeability in cold worked Au showed quite 
contrasting characteristics, when compared to that in an- 
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Fig. 4. NR, versus isothermal holding time t I for (a) annealed Au 
in the course of treatment hsA, h7A and h9A, and (b) cold worked 
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nealed Au. In the cold worked Au specimen the 222Rn 
permeated at an appreciable rate at room temperature 
(30°C) right from the start of the preparatory period, i.e., 
after sealing the 226Ra needle with the foil specimen as the 
window (Fig. 2). During this period (shown as hlw in Fig. 
3b), the partial pressure of 222Rn in the specimen chamber 
gradually increased to a saturation value (Fig. 2) [16,17] 
and the permeation flux, NRo also manifested a concurrent 
increase to attain a (near) steady level of 1001 
a toms/mmZs (Fig. 2). This permeation flux causes a 
negligible ( ~  1%) reduction in the steady state 222Rn 
concentration inside the specimen chamber, as estimated 
through Eq. (1) of Ref. [16]. After the period in hlw (Fig. 
3b), the step-heating experiment involving short time ( ~ 12 
h) isothermal holding at 50, 60, 70, 80, 90, 100°C was 
carried out in treatment h2w (Fig. 3b). Nml decreased 
sharply to 640 a toms /mm 2 s during holding at 50°C for 12 
h (Fig. 3b) and the decline continued during short time 
( ~  12 h) holding at 60 and 70°C in h2w (Fig. 3b), possibly 
indicating the relaxation of some defects introduced by 
cold working. However, subsequent step-heating at 80, 90 
and 100°C in h2w resulted in a gradual increase in N~n 
(Fig. 3b). These values of NRn measured at 70 to 100°C in 
treatment h2w fall on a straight line in an Arrhenius plot 
(Fig. 5b), yielding an activation energy QP(tr) = 22.5 -t- 0.7 
kJ /mol .  During the subsequent isothermal holding of the 
specimen at 100°C in treatment h3w (Fig. 3b), NRn dropped 
drastically from 773 atoms/mm2 s to 227 atoms/mm2 s 
between 12 to 24 h, and then it gradually increased to 
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attain a peak value, NRn(peak) = 360 atoms/mm 2 s at t 1 
4.2 × 105 s (Fig. 4b). With further increase in q, NR, 
gradually decreased (Fig. 4b) at a rate much faster than 
that in the course of isothermal holding of annealed Au at 
the same temperature (Fig. 4a). The ensuing step-heating 
treatment h4w (Fig. 3b) yielded QP(tr) = 20.9 _+ 0.5 
kJ/mol. Thereafter, the isothermal holding was carried out 
at 130°C in hsw, and the corresponding NRn once again 
dropped sharply between 12-24 h, and then gradually 
increased to reach NRn(peak) = 336 atoms/mm 2 s in a man- 
ner similar to that at 100°C in h3w. The step-heating 
experiment h6w immediately after hsw yielded Qp(tr)= 
18.0 _+ 0.2 kJ/mol,  which is somewhat lower than QP(tr) 
in hew or h4w. In the subsequent isothermal treatment at 
150°C in h7w (Fig. 3b) the variation of Nan followed a 
trend similar to that at 100 and 130°C in h3w and hsw 
(Fig. 3b), respectively. However, at any given temperature, 
NR, in cold worked Au was about two orders of magnitude 
higher than that in annealed Au, as evidenced by Fig. 3. 
Fig. 4b shows that in cold worked Au the magnitude of 
NRn(peak) and the time to attain it (tpeak) decreased with the 
increase in Tp of prolonged isothermal holding (i.e., treat- 
ment h3A, hsA and h7A in Fig. 3b). 

4. Discussion 

Inert gases are almost insoluble in metals [11,12]. For 
example, the maximum solubility of He in Ni near its 
melting point is ~ 10 -8 [24]. The solubility of Kr [25] or 
Xe [26] is less than 10 -7 in liquid metals (e.g., Cd, In, Pb, 
Bi). According to Rimmer and Cottrell [13], the extremely 
low solubility of fission gases like Kr and Xe in metallic 
crystal is not because of their lack of cohesion, but because 
of their large size, and hence such a trend is expected to 
hold for other fission products with similar radii. The 
approximate crystalline radius of Rn ( ~  0.2 nm) [17] is 
much larger than the radius of Au (0.144 nm) [27]. Present 
work, as well as, the earlier results [16] of permeation in 
Au indicate that 222Rn has some solubility in annealed and 
cold worked polycrystalline Au at low T n (0.23-0.32). In 
polycrystalline solids, the grain boundary regions or dislo- 
cations are more receptive to larger atoms due to the 
existence of a wider spectrum of interatomic distances in 
these regions [28,29]. Therefore, 222Rn atoms are expected 
to 'dissolve' in polycrystalline Au predominantly at such 
crystal imperfections. 

Annealed Au was initially impermeable to 222Rn atoms 
during prolonged isothermal holding at 30, 100 and 150°C 
(in hlA to h3A of Fig. 3a). But the permeation is triggered 
after the introduction of a thermal cycle of negative magni- 
tude (TCNM) through treatment h4A (Fig. 3a). This result 
cannot be attributed to the rupture of any surface layer 
during the TCNM, since such a layer (e.g., oxide) does not 
form on Au. Besides, the possibility of having quenched-in 
excess (lattice) vacancies at Tp may be excluded, since the 

magnitude of the thermal pulse is negative. Probably, the 
lattice strain around 222Rn atoms may play an important 
role during this TCNM. It is plausible that the large 
mismatch between the Au and Rn atom might provoke the 
flow of vacancies towards 222Rn atoms during TCNM, and 
as a consequence the permeation is initiated. 

In case of annealed Au, the Qp(tr) values measured in 
the step-heating experiments (i.e., in h6A and hsA) are 
almost the same as that of QP(st) derived from permeation 
plateaux in prolonged isothermal holding in h5A, h7A and 
h9A (Fig. 5a). This possibly indicates that the effective 
mechanism of permeation has not undergone any change 
in course of the step-heating and prolonged isothermal 
holding treatments in hsA to h9A (Fig. 3a). In this respect 
the present results of permeation in Au at low homologous 
temperature (T H _< 0.32) are quite similar to that in Pb at 
higher T n ( >  0.68) [17]. The Arrhenius plots in Fig. 5a 
evidence that the corresponding pre-exponential factor 
(Po), which is related to the number of active permeation 
sites, is increased by about 44% during prolonged isother- 
mal holding of annealed Au at low T H (_<0.32). In 
contrast, about 29% increase of Po was observed in simi- 
lar experiments with annealed Pb at higher T H ( >  0.68) 
[17]. In the present experiments Qr, (33.2 to 35.4 kJ/mol)  
is substantially higher than Qp for Rn permeation in Pb 
( ~  8.2 kJ/mol) [17]. Qp may be considered to be equal to 
the sum of the activation energies for diffusion (QD) and 
dissolution (Qs)- The present values of Qr, in Au are 
much smaller than QD of Rn in cold worked Ag ( ~  130 
kJ/mol) determined by the high energy ion bombardment 
technique [14], but it is higher than QD of Rn in Ta ( ~  8 
kJ/mol) determined by nuclear recoil experiments [15]. It 
may be pointed out that both nuclear recoil and ion 
bombardment experiments represent transient states of dif- 
fusion, but in the former the broad energy spectrum of 
fission recoil causes difficulties in controlling the damage 
during exposure, while the high energy ion bombardment 
technique permits a more detailed study of the influence of 
surface proximity and defects created during bombardment 
[30]. On the other hand, the present experiments record the 
time modulation of permeability over an extended period 
of time (cf. Fig. 3), and there is no externally impressed 
force to cause ionization of Rn atoms during its incorpora- 
tion in the metal lattice. It is interesting to note that the 
present Qp values in annealed Au (33.2 to 35.4 kJ/mol)  
are much smaller than the lattice self diffusion energy in 
Au (176.6 kJ/mol) [31] or the grain boundary self diffu- 
sion energy, QD(g.b) of Au (84 kJ/mol) [32]. It is known 
that noble gases like Kr and Xe have lower values of QD 
in annealed Ag (142 and 157.5 kJ/mol,  respectively) 
[33,34] as compared to that for volume self diffusion in Ag 
(192.3 kJ/mol) [35,36]. In the present experiments, the 
very small magnitude of the permeation flux (--~ 0.7 
atoms/mm 2 s) and Qp (33.2 to 35.4 kJ/mol) apparently 
indicate that 222Rn permeates in annealed Au mainly 
through some special sites of the specimen, e.g., grain 
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boundaries or grain boundary triple junctions. Since the 
volume of a neutral Rn atom is ~ 3 times the volume of 
an Au-ion [17,27], the contribution of lattice dislocations 
to Rn permeation is expected to be marginal. LeClaire et 
al. [37] have found that Ar diffuses in Ag by a vacancy 
mechanism. In fact, the very low activation energy of 
fission gases in uranium has also been attributed by Rim- 
mer and Cottrell [13] to the ability of these gas atoms to 
capture vacancies and diffuse through the grain bound- 
aries. It may, therefore, be postulated that 222Rn a t o m s  

permeate through Au by a similar mechanism and enhance 
the free volume in the grain boundaries in the course of 
permeation. The plateaux during isothermal holding exper- 
iments h5A, hyA and h9A possibly signify a dynamic 
equilibrium between the capture and release of such vacan- 
cies by the permeating 222Rn atoms [17]. 

While annealed Au was impermeable to 222Rn during 
the preparatory period at room temperature (30°C) in 
treatment hlA (Fig. 3a), the cold worked Au at this stage 
(i.e., in hlw of Fig. 3b) manifested appreciable permeabil- 
ity (Fig. 2), possibly due to the large population of crystal 
defects introduced by prior plastic deformation. Matzke et 
al. [14] have reported earlier that in the bombardment 
energy range of 3-85 keV the dislocations induced by cold 
working enhance the inert gas (Kr, Xe, Rn) diffusion in Ag 
by several orders of magnitude, as compared to that in 
annealed sample. However, Rickers and Sorenson [30] 
could not find a similar effect for Kr and Xe diffusion in 
cold worked Cu by the high energy (20-450 keV) ion 
bombardment technique. Perhaps in the latter case the 
defects created during high energy ion bombardment mask 
the influence of deformation induced defects on the diffu- 
sivity. 

In the present study, the Qp(tr) values for cold worked 
Au (18.0 to 22.5 kJ/mol) are appreciably smaller than 
those in the annealed sample (33.2 to 35.4 kJ/mol). 
Reduction in QD for Kr and Xe diffusion in cold worked 
Ag (~  130 kJ/mol) compared to that in annealed Ag 
(~  169 kJ/mol) has also been reported earlier [14,381. 
However, as compared to all these QD values or QD(g.b) of 
AU (84 kJ/mol [32]), the present QP(tO values are much 
smaller, and hence, an interpretation of the effects of cold 
work in the present experiments has to consider the associ- 
ated changes in the grain boundary structure. It may be 
pointed out that the extrinsic boundary dislocations (ledges) 
introduced into the boundaries by cold working result in 
nonequilibrium boundary structure and cause an increase 
in the energy of grain boundaries in plastically deformed 
metals [39,40]. In addition, such extrinsic dislocations are 
known to influence other boundary properties such as 
boundary migration, boundary sliding and grain boundary 
precipitation, etc. [40]. In the present work the reduction in 
Qp(tr) in cold worked Au may also originate from similar 
changes in grain boundary structures. 

The sharp drop in permeability of cold worked Au 
during heating at 50, 60 or 70°C in h2w (Fig. 3b) is 

indicative of the relaxation of some deformation induced 
defects. Moreover, the drop in permeability during the first 
12-24 h at higher temperatures (i.e., in h3w, hsw and 
h7w) may also be attributed to the progress of such 
relaxation processes. This is also borne out by the Arrhe- 
nius plots for the step-heating experiments (h2w, hnw and 
h6w) in Fig. 5b. It is seen that Qp(tr) decreases marginally 
from 22.5 to 18.0 kJ/mol at higher step-heating tempera- 
tures, and a similar effect has been reported earlier for Pb 
at higher T H [17]. However, the calculation from Fig. 5b 
evidences that the pre-exponential factor (Po) decreases by 
about two orders of magnitude in treatment h6w as com- 
pared to that in h2w, which indicates that many of the 
active sites for permeation in h2w become nonfunctional at 
h4w or h6w. It may be mentioned that in the cluster 
assembled nanocrystalline Cu containing a large density of 
grain boundaries, the structural relaxation of grain bound- 
aries during annealing at low T H (at 100°C for 14 h) 
causes an appreciable reduction in the interdiffusivity of Bi 
[41]. The present permeation temperatures (T n < 0.32) are 
also considerably lower than those required for annihila- 
tion of lattice dislocations or extrinsic boundary disloca- 
tions in the cold worked specimen [40,42]. Hence, the 
relaxation process in the present cold worked Au is likely 
to be related to the excess vacancies generated by plastic 
deformation. 

It is interesting to note that prolonged isothermal hold- 
ing of annealed Au results in a permeation plateau (Fig. 
4a), while similar experiments with cold worked Au yield 
a reasonably well defined peak. The decrease of peak 
height and time to reach the peak (tpeak) with the increase 
in Tp bears a similarity with the kinetics of clustering and 
precipitation in precipitation hardenable alloys, where for 
the purpose of kinetic data analysis the resistivity or 
hardness peaks are assumed to correspond to some particu- 
lar state of the structure [43-49]. Thus, if tpeak in Fig. 4b 
is also assumed to be related to a particular state of defects 
or structure relevant to the permeability, an Arrhenius plot 
of tpeak (from Fig. 4b) in Fig. 6 yields an activation energy 
of 14.4 + 0.7 kJ/mol, which is quite close to the QP(tr) 
values (18.0 to 22.5 kJ/mol) of cold worked Au, but is 
much less than the energy of migration of monovacancies 
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Fig. 6. Variation of tpeak as a function of Tp. 
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(80.6 k J /mo l )  or divacancies (68.16 k J /mo l )  in Au lattice 
[50,51]. It is known that excess vacancies created during 
cold working anneal out through the defects like grain 
boundaries, and the degree of localization or identity asso- 
ciated with such grain boundary vacancies will depend on 
the boundary type, boundary site and the interatomic forces, 
i.e., the metal in question [40,52]. Since a neutral radon 
atom occupies ~ 3 times the volume of the gold ion, the 
222Rn atom in the grain boundary may prefer to be associ- 
ated with some particular size of the grain boundary 
vacancy cluster to promote its permeation. This conforms 
to the earlier proposition of Rimmer and Cottrell [13] that 
fission gases capture vacancies and permeate through grain 
boundaries. 

5. Conclusion 

The Permeability of 222Rn in annealed and cold worked 
polycrystalline Au at T H _< 0.32 is strongly dependent on 
the thermal schedule in the course of permeation. Virgin 
polycrystalline annealed Au remains impermeable to 222Rn 
during prolonged (4.5-35 d) isothermal holding at 30, 100 
and 150°C, but the permeation is triggered when Au is 
subjected to a thermal cycle of negative magnitude, and 
the effect can not be attributed to the rupture of any 
surface layer. Probably, here the lattice strain around large 
222Rn atoms in the presence of the thermal gradient may 
play a significant role. 

In annealed Au, permeability gradually increases to a 
plateau, NRn(steady ) during prolonged isothermal holding 
( >  160 h), and NRn~stea~ly ~ increases with the increase in 
holding temperature. The QP(tr) values determined by step 
heating experiments of short duration ( ~  12 h) varied 
between 33.2 to 35.4 kJ /mol ,  which agrees well with 
QP~o = 34.6 k J / m o l  derived from permeation plateaux in 
prolonged isothermal holding ( >  160 h), indicating identi- 
cal mechanism of permeation operative in both types of 
treatments. The small magnitude of NRn (e.g., = 0.7 
a toms /mm 2 s) and the unusually low values of QP~t~ or 
Qp(st) possibly indicate that 222Rn permeates in annealed 
Au through some defects like grain boundaries or grain 
boundary tipple points. 

Virgin cold worked polycrystalline Au is permeable to 
222Rn at room temperature. Here the QP~to values (18.0 to 
22.5 k J /mo l )  are smaller and NR, is about two orders of 
magnitude higher than those of annealed Au, which may 
be attributed to the structural changes in diffusion paths 
(e.g., grain boundaries) by deformation induced defects. 
Relaxation of some structural defects in cold worked Au 
was evident during permeation at T n < 0.28. Here, pro- 
longed isothermal holding at any Tp results in a perme- 
ation peak that seems to be associated with a very small 
activation energy of 14.4 kJ /mol .  Probably, 222Rn atoms 
residing in the defects like grain boundaries interact with 
excess vacancies to promote its permeation. 
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