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Pure aluminum and slightly alloyed aluminum samples were bombarded with electrons near 4.2 and 78 °K. 
The electrical resistivity increases introduced by the radiation were observed to recover in three stages: 
Stage I, below 50°K, Stage II centered at about 140°K, and Stage III, between 190 and 250°K. Stage III 
follows second-order kinetics with an activation energy of 0.45±0.01 eV; Stage II follows close to first-order 
kinetics with an activation energy of 0.22 eV. The magnitude of Stage II depends sensitively on the amount 
and type of solute atoms in the lattice. Stage III is larger in alloyed aluminum than in pure aluminum and 
is shifted to lower temperature. The enhanced magnitude and the temperature shift are consistent with the 
observed second-order kinetics, indicating that the effect of alloying is to increase the number of defects which 
migrate in Stage III. A two-interstitial model, previously proposed to explain recovery in copper following 
irradiation, appears to account for these observations most satisfactorily. 

INTRODUCTION 

UNTIL recently, the majority of irradiation effects 
experiments in metals have been performed upon 

copper. The amount of attention devoted to this 
particular metal has been justified in part by the hope 
that a coherent description could be evolved which 
could then be taken over to other metals with a mini­
mum of readjustment. This hope has been frustrated by 
two facts: no picture has been developed in copper 
sufficiently convincing to merit acceptance by all 
investigators and the extent of similarity between 
metals is still undetermined. 

An important part of the difficulty in developing an 
acceptable model in copper has centered about the 
"Stage I I I dilemma." Most succinctly put, it appears 
at first glance that there is one more stage of recovery 
(of electrical resistivity, for example) following radia­
tion than available defects. We return to this problem 
in more detail in the discussion. 

The present study was designed to see if this dilemma 
exists in aluminum. The data described below leave 
little doubt that this is the case. 

EXPERIMENTAL 

The samples used in the bulk of this experiment 
consisted of 0.010-in. diam wires of aluminum or 
Al+0.1 a t .% Zn mounted in a copper box as shown in 
Fig. 1. Four lengths, each approximately 1.2 cm long, 
resulted from weaving the single wire as indicated from, 
posts on two five-post hollow metal-to-glass seals. 
Copper lead-ins were soldered into each metal tube and 
the sample soldered to the lead-ins. The samples were 
enclosed by sealing a copper foil on top of the box with 
Dow-Corning vacuum grease. 

During irradiation, liquid nitrogen was passed around 
the box. During measurements, the entire box was 
submerged in liquid helium. During annealing, the box 
was submerged in a massive bath of precooled and 
thermally regulated petroleum ether or propane. 

* This work was supported by the U. S. Atomic Energy 
Commission. 
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Prior to irradiation, the sample wires were annealed 
to 400°C in vacuo. They were then mounted with care 
to minimize deformation. Finally, they were annealed 
in place at about 250°C in air. 

The measurements were of a standard potentiometric 
variety, using a measuring current of 1.0 A. The current 
was controlled to about one part in 105. The electron 
current density during irradiation was maintained 
below 20 /iA/cm2. 

The residual resistivities, po, of the samples were 
about 2 to 3X10 - 9 12-cm for the pure aluminum wires 
(nominally 99.9999% pure in the as-supplied condition) 
and 4.8X10-8 Q-cm for the Al+0.1 a t .% Zn alloy. This 
last value is in fair agreement with the value given by 
Vassel.1 

The absolute values of p are limited by geometry 
uncertainty and can be determined to within about 
± 5 % . Furthermore, the precision of electron flux 
measurements is limited by electron scattering, mainly 
on passing through two metal foils before striking the 
samples (the foil at the exit of the accelerator and the 

FIG. 1. Schematic 
drawing of sample 
holder. 

L C. R. Vassel, J. Phys. Chem. Solids 7, 90 (1958). 
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foil covering the sample box). Thus, the damage rates, 
dp/d<t> (O-cm per electron/cm2), are probably known to 
a precision of db 10%. However, precision in the relative 
values of resistivity—the most important factor in 
these experiments—is probably better than ± 0 . 0 1 % . 

The accelerating voltage for the electrons used in the 
irradiations at liquid nitrogen was 1.25 MeV. However, 
the energy was degraded on passage of the electrons 
through two copper foils and a small amount of air so 
that the incident energy was approximately 1.1 MeV. 
Further degradation of energy occurred passing through 
the sample. The effective energy was, therefore, about 
1.0 MeV. 

One set of measurements is also included in this 
report in which 0.002-in. diam wires were bombarded 
in vacuo near 4.2°K. The experimental arrangements 
and techniques have been described elsewhere.2 

RESULTS AND DISCUSSION 

A. Stage III 

Figure 2 shows the results of an electron irradiation 
near 4.2°K of pure Al, Al+0.1 a t .% Cu, and Al+0.1 
a t .% Zn. This study is not complete. These results are 
included to provide background information for the 
experiments subsequently described. The features borne 
out by this figure which are pertinent to the present 
results are: 

(a) The presence of Stage I (<55°K) recovery. This 
stage appears to be at least qualitatively similar 
to that observed in Cu. 

(b) The suppression of Stage I recovery by the 
addition of Zn or Cu. 

(c) The different character of Stage I I (between 55 
and 175°K) recovery in the various samples. 

(d) The shift to lower temperature of the Stage III 
(~250°K) recovery with alloying. I t should be 
noted that all four samples were irradiated and 
annealed together. 
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FIG. 2. Isochronal recovery of the electrical resistivity of pure 
Al following irradiation near 4.2°K. The time at each temperature 
is 5 min. 

2 A. Sosin and H. H. Neely, Rev. Sci. Instr. 32, 999 (1961). 
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# FIG. 3. Exposure curve for samples irradiated by 1.1 MeV 
(incidence energy) electrons at 80 °K. The straight lines correspond 
to the approximate exposure curves expected from irradiation 
at 4.2°K (see Fig. 2). 

We now turn to the main results of this study. 
Figure 3 shows the " exposure curves" for the two 
materials irradiated at 80°K. The dashed line drawn in 
the figure corresponds to the approximate damage rate 
which one would predict in pure aluminum on the basis 
of Fig. 2 (i.e., from the resistivity which remains after 
Stage I annealing). The damage rate for the alloy 
appears to be in good agreement with the results from 
Fig. 2. ^ 

In Fig. 4 are presented results of two sets of iso­
chronal annealing studies. The difference between the 
initial values in this figure and the end values in Fig. 3 
represents the extent of Stage I I anneal (see also Fig. 2). 
I t can be seen that the cross-over at the end of the 
curves is an indication of the extent of nonreproduci-
bility between successive experiments. This is further 
demonstrated by noting the final extent of recovery 
in Fig. 2. 

Isothermal data are presented in Fig. 5. These data 
are replotted in Fig. 6. The linearity of the data plotted 
in this manner indicated that Stage I I I follows second-
order chemical rate kinetics. Thus, the time rate of 
decay of the concentration c of migrating defects is 

dc/dt=~Kc2, (1) 
where 

K=vexp(-Ein/kT) (2) 
and 

Ap=pFc (3) 

In these expressions, Ap is the resistivity increment 
due to the defects involved in Stage III recovery > v is a 
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FIG. 4. Isochronal recovery of the electrical resistivity 
of pure Al in the Stage I I I temperature region. 

Figure 6 indicates that second-order kinetics are 
obeyed for at least 200 min at — 35 °C. This represents 
about two decades in time since the first measurement 
was made after 2 min. Figure 8 indicates that second-
order kinetics dominates the process over about 3 | 
decades in time. The technique used to deduce Fig. 8 is 
discussed in detail in the Appendix. I t is significant to 
note that a second-order process goes from 10 to 90% 
completion in approximately two decades of time, 
whereas the portion of recovery analyzed in Fig. 8 is 
about 93%. Thus, Fig. 8 is a particularly rigid test, 
both of the constancy of the activation energy, used 
directly in the analysis leading to the figure, and of the 
second-order kinetics. 

We now turn to the behavior of the resistivity of 
Al+0.1 at .% Zn. The results of an isochronal annealing 
experiment are presented in Fig. 9; isothermal annealing 
data are shown in Fig. 10. The isothermal data are 
replotted in Fig. 11 in a manner again demonstrating 
second-order kinetics. Both isothermal and isochronal 
measurement are combined in Fig. 12, following the 
method of Meechan and Brinkman, to yield the activa-

defect jump attempt frequency (^101 3 sec"1), Em is 
the rate governing activation energy, and P F is the 
resistivity per unit concentration of defects which are 
eliminated during Stage I I I recovery. The subscript F 
is written in anticipation of our conclusion that the 
main process involves vacancy—interstitial recombina­
tion ; then pF is the resistivity per unit concentration of 
Frenkel pairs, which we shall take, somewhat arbi­
trarily, to be 3X10~4 O-cm. 

The data of Figs. 4 and 5 are combined in Fig. 7 
using the method of Meechan and Brinkman.3 This 
yields the activation energy: EUi = (0.448±0.009) eV. 
Note that the vertical shift between the two lines is 
(In60-ln30). This is also in accord with Brinkman's 
analysis since the (total) time at each temperature was 
either 60 or 30 min, as indicated. 
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FIG. 5. Isothermal recovery of the electrical resistivity 
of pure Al in the Stage I I I temperature region. 

3C. J. Meechan and J. A. Brinkman, Phys. Rev. 103, 1193 
(1956). 
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FIG. 6. A replot of the data of Fig. 5. The linearity in this 
plot indicates that the recovery process follows second-order 
kinetics. 

tion energy. The energy deduced in this manner agrees 
with the value determined in pure Al. 

I t we assume that Stage I I I is due to the migration 
and annihilation of the same defect in pure aluminum 
and the alloy, we may explain the fact that Stage I I I 
in the alloy occurs at lower temperatures than in the 
pure material. The temperature shift—approximately 
13°K in the position of the "center temperatures" (i.e., 
the temperature in the tempering curve, Fig. 9, at 
which the inflection occurs)—is directly related to the 
different concentration of defects involved in the two 
cases, even though the amount of irradiation was 
nearly equal in both cases. An analysis which applies 
to this case has also been given by Meechan and 
Brinkman. They give the following expression: 

CovA-lexp[-E/kTc-]= TC~A 
r 2 

E/kTc l+E/kTc 

, (4) 
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where CQ denotes the total concentration of defects 
involved in the recovery stage, Tc is the center tem­
perature, v is the vibrational frequency, and A is the 
rate of temperature rise, assumed constant. Inserting 
values of Tc for the pure aluminum and alloy samples 
of 229±1 and 216dzl°K, respectively, this expression 
predicts a concentration ratio for the two samples of 
3.5=b0.7. Experimentally, the concentration ratio is 
approximately 3.4. 

B. Stage II 

We have also studied the recovery of electrical 
resistivity in Stage I I in Al+0.1 a t .% Zn in some detail. 

1000 

100 

c 

PURE AI (99.9999%) 
STAGE I I I 

60 MINUTE PULSES 

E=(0.448 + 0.009)eV 
Jfci60-in30 

30 MINUTE PULSES 

4.6 4.5 4.4 4.3 4.2 
I 0 3 / T 

4.1 4.0 3.9 

FIG. 7. A determination of the activation energy governing 
recovery of the electrical resistivity of pure aluminum in Stage III. 
The curves are derived from the data in Figs. 4 and 5. 

First the isochronal data points of Fig. 9 in the Stage I I 
temperature region were analyzed using the time-
correction procedure outlined in the Appendix. The 
results indicate that Stage I I obeys first-order kinetics. 
This is demonstrated first in Fig. 13 where a plot of 
ln[ln(p0/p)] vs 1/T yields a straight line (p0 is the 
resistivity at the beginning of the stage—i.e., the first 
data point). The slope of this line indicates an activation 
energy E n =0.225 eV. 

The experiment leading to Fig. 9 was actually of the 
sequential isothermal variety. Four measurements, at 

i < 

~r 
PURE ALUMINUM 
STAGE IH 
QUASI-ISOTHERMAL 
E=0.448 eV 

FIG. 8. A second demonstration of the second-order kinetics 
governing Stage III recovery in pure Al. The details of the 
method used are described in the text. The units of the ordinate 
are 109 (12-cm)"1. The units of the abscissa are minutes at 213°K. 

different times, were made at each temperature. Only 
the last measurements, after 30 min of annealing at 
each temperature, are shown in Fig. 9. Having deduced 
the activation energy, all the data points may be used 
with the time-correction procedure to construct an 
extended isothermal (see Fig. 14). Finally the isothermal 
data are replotted in Fig. 15 as ln(p/po) vs Int. The 
resulting straight line with unit slope again demon­
strates the precision with which first-order kinetics are 
obeyed. 
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FIG. 9. Isochronal recovery of the electrical resistivity of pure Al 
and Al+0.1 at.% Zn following electron irradiation at 80°K. 



2242 A . S O S I N A N D L . H . R A C H A L 

Al+0.1 at.% Zn 
ISOTHERMAL af-53°C 
STAGE JR 

10 100 
t (min) 

FIG. 10. Isothermal recovery of the electrical resistivity of Al+0.1 
at. % Zn in the Stage III temperature region. 

atoms suppresses recovery in Stage I. It is reasonable 
to assume that this suppression results, at least in part, 
from the "trapping" of interstitials by foreign atoms 
and that "detrapping" occurs in Stage II. This follows 
from the observation that Stage II is a first-order 
process in Al+0.1 at.% Zn (see the subsequent discus­
sion). The annealing in Stage II in the "pure" samples 
is probably related to the presence of several types of 
trace impurities, leading to a spectrum of first-order 
processes. 

The first significantly unresolved question is: Why 
is there no Stage II recovery in Al+0.1 at.% Cu? Our 
proposed answer to this question requires some discus­
sion of the nature of the damage which remains in pure 

DISCUSSION 

Some implications of the data presented herein are 
quite clear. Stage III recovery is very similar in 
aluminum and copper3 or nickel.4 Furthermore, Stage I 
recovery appears to be qualitatively similar in alu­
minum and copper.5,6 Interstitial atoms are presumed 
to migrate in Stage I in both cases and, in the main, 
recombine with vacancies. It is reasonable to assume 
that recombination of close interstitial-vacancy pairs 
occurs in the earlier part of Stage I and that interstitial-
vacancy recombination is less correlated as the recovery 
proceeds. The fact that full recovery is not achieved in 
Stage I (in either aluminum or copper) indicates either 
that some of the interstitials which are mobile in Stage I 
are immobilized in some unspecified manner rather 
than being annihilated at vacant lattice sites or that 
some of the interstitials are inherently immobile in 
Stage I. The choice between these two alternatives 
remains a matter of discussion. 

It is also clear that the presence of zinc or copper 

50 100 150 200 250 300 350 400 450 500 
t(mln) 

FIG. 11. A replot of the data of Fig. 10. The linearity in this 
plot indicates that the recovery process follows second-order 
kinetics. 

4 A. Sosin and J. A. Brinkman, Acta Met. 7, 478 (1959). 
5 J. W. Corbett and R. M. Walker, Phys. Rev. 114, 1452, 1460 

(1959). 
6 A. Sosin, Phys. Rev. 126, 1698 (1962). 
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FIG. 12. A determination of the activation energy governing 
recovery of the electrical resistivity in Stage I I I in Al-{-0.1 
at .%Zn. 

Al after Stage I recovery is complete. We shall adopt 
a two-interstitial model in this paper. 

The two-interstitial model which we explore here was 
previously proposed for the recovery of electrical 
resistivity following irradiation of Cu.7,8 Briefly, it was 
proposed that a (110) interstitial configuration (a 
crowdion) is mobile in Stage I, whereas a second form, 
a (100) configuration, is mobile in Stage III. Stage II— 
following irradiation—is presumed to be due mainly to 
the release of crowdions from traps, usually near im­
purity atoms. Stage IV, occurring above room tempera­
ture in Cu, is due to vacancy migration. The reader is 

7 C. J. Meechan, A. Sosin, and J. A. Brinkman, Phys. Rev. 120, 
411 (1960). 

8 A. Seeger, Radiation Damage in Solids (International Atomic 
Energy Agency, Vienna, 1962). 
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referred to the previous reports7,8 for a more detailed 
account of this model. 

In the two-interstitial model, the evident suppression 
of Stage I recovery due to foreign atoms is due to two 
effects. The first one is dynamic. Crowdions are ejected 
relatively long distances through the lattice during 
irradiation. It then appears that crowdions' dynamic 
paths are frequently sufficiently perturbed by the 
presence of foreign atoms that interstitials are defocused 
from mass transport along the (110) direction and come 
to rest in (100) configurations. Thus, the relative num­
ber of interstitials which are mobile in Stage I is reduced 
in the alloyed material. 

The second effect which leads to suppression is 
trapping during thermal migration. Here we conclude 
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FIG. 13. Recovery of the electrical resistivity in Stage I I in 
Al+0.1 at.% Zn analyzed for kinetics and activation energy. The 
method—the sequential isothermal method—is described in the 
text. This plot indicates a first-order process with an activation 
energy of about 0.22 eV. The data of Fig. 9 have been used here. 

that the crowdions are sometimes trapped by zinc 
atoms without conversion to the (100) interstitial form 
and are released from such traps in Stage II, resuming 
their search for vacancies. Evidently copper atoms do 
not trap crowdions. 

With this model it appears possible to explain the 
suppression of Stage I recovery by zinc and copper, the 
relatively large magnitude of Stage II in the zinc-doped 
material and the absence of Stage II due to interstitial 
trapping by copper atoms in the copper-doped material. 
The most complete absence of Stage II recovery in 
Al+0.1 at.% Cu is still, at first glance, surprising. One 
might expect recovery in this alloy comparable to that 

FIG. 14. A study of 
the isothermal re­
covery of electrical 
resistivity of Al+0.1 
at.% Zn in Stage II. 
This curve was con­
structed from the 
isochronal data of 
Fig. 9 with a tem­
perature correction 
procedure described 
in the text. 
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observed in the pure material. The suppression of 
Stage II in this alloy we again ascribe to dynamic 
defocussing. That is, crowdions which traverse long 
distances in pure aluminum during irradiation may be 
trapped during their migration by residual impurity 
atoms. With 0.1 at.% Cu atoms, the range is restricted 
and some crowdions are converted to (100) interstitials. 
Therefore, the probability of migrating crowdions being 
trapped by residual impurity atoms, presumably also 
present in the copper-doped sample, is significantly 
reduced. 

There are two observations with respect to Stage II 
in Al+0.1 at.% Zn which deserve further attention. 
We have stated that the observation that Stage II is a 
first-order process indicates that the underlying 
mechanism is one in which interstitials are released from 
traps near zinc atoms. This appears, at first glance at 
least, to be in conflict with the calculations of Damask 
and Dienes.9 Their calculations show that if interstitials 
are released from relatively deep traps and migrate 
eventually to vacancies, present in equal concentration 
to that of interstitials, the resulting kinetics are closely 
second order in nature, rather than first order. WTe note 
that this model is not entirely applicable to the present 
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FIG. 15. A replot of the data of Fig. 14. The straight line with 
unit slope is indicative again of a first-order process in Stage I I 
in Al+0.1 at. % Zn. The units of the abscissa are minutes at 138°K. 

9 A. C. Damask and G. J. Dienes, Phys. Rev. 120, 99 (1960). 
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experiment since an appreciable concentration of de­
fects survive Stage I I annealing. Thus, the condition 
that the concentration of vacancies equal the concentra­
tion of mobile interstitials is evidently not fulfilled. 

Nevertheless, the Damask and Dienes theory is 
basically applicable if we assume that Stage I I results 
from detrapping of crowdions and that these crowdions 
recombine with vacancies. The only modification 
necessary is to relax the condition that the concentra­
tion of vacancies equal the concentration of interstitials. 
The effect of this relaxation is to alter the order of 
kinetics governing the process; the process can be 
described as one in which the apparent order changes 
continuously during annealing from something between 
first and second order to a pure first-order process. 

This can be demonstrated in the following manner. 
Consider a process in which interstitials of concentra­
tion i (and initial concentration i0) migrate to vacant 
lattice sites, resulting in annihilation. In this simple 
treatment, we do not specify whether the interstitials 
are initially free or trapped—the activation energy 
governing the process is the migration energy in the 
first case and the sum of the migration plus the binding 
energy in the second case. We further specify that the 
vacancy concentration is in excess of the interstitial 
concentration by a constant amount, ve. Then the rate 
equation governing this process is 

di/dt=-pe~*lhTi(i+vB). (5) 

Integration of Eq. (5) gives 

i+ve l- / E \ - | 
i — i^ e x p _-0ej,exp[ ) i (6) 

io+ve L \ kT/J 

Note that Eq. (5) describes a second-order reaction as 
ve —> 0 and a first-order reaction as ve —> °°. 

As may be seen from Fig. 9, Stage I I I in the Al+0.1 
a t .% Zn alloy is approximately three times as large as 
Stage I I . In our model, this implies that ve~Si0 and 
that the process does not deviate appreciably from 
first-order kinetics. I t is quite possible that this devia­
tion is not resolved in Fig. 13 despite the apparently 
satisfactory fit to a pure first-order reaction. 

Consider now the number of jumps made by an 
interstitial in Stage I I . As shown by Lomer and 
Cottrell,10 the number of jumps made by an interstitial 
in our model is : 

j=vbr1expl--E/k'r\, (7) 

10 W. M. Lomer and A. H. Cottrell, Phil. Mag. 46, 711 (1955). 
A more exact expression than given in Eq. (7) would replace 
c~lexvt-(Em+B)/kTl by (l-/fc) exp(-Em/kT)/£l-0c+0G 
exp(B/kT)2, where @ is the number of sites near a trapping atom 
in which the interstitial may be trapped. In the limit 
Pcexp(B/kT)^>l, the more simple expression may be used. In 
the present case, Pc(expB/kT) «* 1 in Stage II . The error in the use 
of the simpler expression is not serious, however, considering the 
uncertainties in the values of v and I. 

L . H . R A C H A L 

where i is a characteristic time for defects to migrate to 
a sink, taken here as 103 sec at T ,= 138°K; using the 
measured activation energy, E—Em+B — 0.225 eV, and 
j>^1012 sec -1 the number of jumps is about 1010. (B is 
the binding or trapping energy of an interstitial due to 
a Zn atom.) Once again according to Lomer and 
Cottrell, the number of jumps required by a crowdion 
to reach a sink is (azc)~2, where a = - | and z is the 
coordination number. The sink concentration, c, is 
about 2-3 X 10~6, from this expression. This is consistent 
with the concentration which may be predicted from 
Fig. 9. The magnitude of Stage I I is about 10~9 Q-cm. 
Using the value of pF adopted previously, we again 
deduce a value of c=3X10~6 . 

In this model, the binding energy, By is known once 
the free migration energy Em, is available. Unfortun­
ately, Em is not yet established. However, we shall take 
1^=0.12-0.13 eV, using the data of Herschbach.11 This 
then implies that JB^O.l eV. 

Within the proposed model, the mechanism for 
Stage I I I is evident. We suggest that (100) interstitials 
become mobile and primarily annihilate with vacancies, 
leading to a second-order reaction. The free migration 
energy for (100) interstitials is then 0.45 eV. Equation 
(7) may then be applied to determine the number of 
jumps made by such interstitials, with the removal of 
the c~l factor and with the understanding that E now 
represents the free migration energy of this interstitial. 
The predicted number of jumps in pure Al is about 106. 
This is again about the expected number of jumps since 
the defect concentration involved in Stage I I I is about 
3X10-6 . 

Before considering alternative models, it is appro­
priate to consider other related experiments to ascertain 
whether these experiments point to any discrepancies 
in our model. Probably the experiment most directly 
related to the present one is the neutron irradiation of 
aluminum performed by McReynolds, et al.12 These 
investigators observed a major recovery of electrical 
resistivity and critical shear stress in the Stage I I I 
temperature region. They attempted to fit the resis­
tivity isothermal recovery curve to first-, second-, and 
third-order processes and decided that a second-order 
reaction best fit the data, although considerable devia­
tion was indicated. Using smoothed-out second-order 
plots, they can be deduced an activation energy of 
0.55 eV. This same value was also deduced from the 
critical shear stress measurements. 

We have re-examined their resistivity measurements 
and believe that the value 0.55 eV is subject to modifica­
tion. Since McReynold's method for computing the 
activation energy from resistivity data involved a 
smoothing procedure assuming second-order kinetics, 
it seems likely that some error may be incurred. To 

11K. Herschbach (to be published); see also Bull. Am. Phys. 
Soc. 7, 171 (1962). 

12 A. W. McReynolds, M. McKeown, and D. B. Rosenblatt, 
Phys. Rev. 98, 418 (1955). 
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some extent this error may be avoided by evaluating the 
energy differently. In this method, the shift in the three 
isothermal recovery curves (see Fig. 2 of McReynold's 
paper) along the abscissa, Int, is also a measure of the 
activation energy as implied by Eq. (A3) of the Appen­
dix. We have estimated the energy by this method, 
using their data. We have analyzed the time shift be­
tween the isothermal curves for recovery at —40 and 
— 60°C and find a value of 0.45 eV, in excellent agree­
ment with the energy found in the present experiment. 
We find an energy of 0.52 eV, using the curves taken 
at —60 and — 80°C but believe this value to be less 
reliable since a large portion of the curve at — 80°C 
deviates from second-order, as shown by the authors. 
Furthermore, we do not believe that the critical shear 
stress measurements are suitable for precisely evalua­
ting the activation energy due to the large amount of 
scatter in the data. Perhaps the most important 
criticism of the 0.55 eV value stems from a calculation 
of the number of jumps of the migrating defect. We 
estimate about 102 jumps. This appears to be at least 
two orders of magnitude too small for a second-order 
process. 

Most recently measurements have been made of 
resistivity recovery in deformed aluminum by Frois and 
Dimitrov13 and by Panseri, Ceresara and Federighi.14 

Both groups deduce activation energies for recovery in 
the Stage III region of 0.55-0.58 eV. Unfortunately, 
only abstracts of these papers are available so that the 
manner in which the energy is calculated is not known. 
However, we are again confronted by the problem of 
understanding the small number of jumps made by the 
defect in Stage III if we accept these relatively high 
values of activation energy. 

The aluminum quenching experiments may also be 
cited. Presumably the best determination of the migra­
tion of energy of vacancy in aluminum is due to 
DeSorbo15: 0.65±0.06 eV. The recent determination of 
the activation energy of self-diffusion,16 taken together 
with the high-temperature equilibrium measurements 
of Simmons and Balluffi,17 indicate that the most 
probable value of the vacancy migration energy is about 
0.7 eV. It appears obvious that Stage III is not due to 
free vacancy migration. 

13 C. Frois and O. Dimitrov, in Conference on Recovery of 
Metals, Delft, Holland, 1962 (unpublished). 

14 C. Panseri, S. Ceresara, and T. Federighi, in Conference on 
Recovery of Metals, Delft, Holland, 1962 (unpublished); also 
private communication. Note added in proof.—Since submission of 
this article, we have been privileged to read a prepublication 
report of this work. It is apparent from this account that the 
activation energy for the process observed after neutron irradia­
tion is quite different than the activation energy for State III 
after electron irradiation—Federighi et al. report 0.60±0.01 eV. 
Our reservations concerning the energy value deduced by Mc-
Reynolds et al. appear to be, at least in part, unjustified. 

16 W. DeSorbo and D. Turnbull, Phys. Rev. 115, 560 (1959); 
see also references therein. 

16 T. S. Lundy and J. F. Murdock, J. Appl. Phys. 33, 1671 
(1962). 

17 R. O. Simmons and R. W. Balluffi, Phys. Rev. 117, 52 (1960). 

We now consider other models for the recovery re­
ported here. First we may eliminate the possibility that 
divacancies are the mobile defect in Stage III following 
electron irradiation. The concentration of divacancies 
formed directly during irradiation should be consider­
ably less than 20% of the total vacancy concentration. 
Additional divacancies can only be formed by the migra­
tion of single vacancies. Since the migration energy of 
single vacancies is about 0.7 eV, we anticipate no forma­
tion divacancies in this manner. Thus, Stage III anneal­
ing, if divacancies were the mobile defect, should account 
for less than 20% of the resistivity increment due to 
irradiation which persists up to Stage III and the kinetics 
should not follow second order since the sink concentra­
tion (including single vacancies) would be in excess of 
the concentration of migrating defects. 

The model we have proposed is a two-interstitial 
model. We now explore the various possible models 
assuming that only one form of interstitial is stable. 
There appear to be four possible single interstitial 
models, which we distinguish by the following possible 
Stage III processes 

(a) Break up of interstitial clusters, formed by inter­
stitial agglomeration during Stage I and Stage II 
migration. 

(b) Migration of interstitial clusters, again formed 
by interstitial agglomeration at lower tempera­
tures. 

(c) Release of interstitials from trapping positions 
near dislocations, the interstitials having been 
trapped during previous migration. 

(d) Release of interstitials from trapping sites near 
impurity atoms, the interstitials having been 
trapped during previous migration. 

Model (a) may be ruled out on the basis of the order 
of the kinetics which would govern such a process. To 
see this, consider the case of dimer (di-interstitial) 
break up, ignoring higher order interstitial clusters. The 
kinetic reactions which describe the process are 

v+i—* annihilation, (8a) 

i+i+±&, (8b) 

where i, v, and 8 are the free interstitial, vacancy, and 
cluster concentrations, respectively. The differential 
equations governing these reactions are 

dv/dt=—Kivi, (9a) 

di/dt= -K1vi-K&+K$, (9b) 

d8/dt=K2i
2-K^ (9c) 

where Kz and K\^K<L are the reaction rate constants, 
including the usual Boltzman temperature dependence. 

To determine the approximate order of reaction, we 
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make the following approximations, which should apply-
particularly well to Stage I I I in this model : 

di/dtc^O, v»i, v^28. (10) 

With these approximations, it follows that ic^Kz/2Ki. 
The resistivity measurements, in this model, record the 
annihilation of equal numbers of vacancies and inter-
stitials, so that the rate of decay of the vacancy con­
centration may be examined for the order of reaction : 

dv/dt= - # i * ( X V 2 X i ) = - (K9/2)v, (11) 

a first-order process. The inclusion of higher order 
interstitial clusters and their breakup would not alter 
this argument significantly. 

Model (b) does approximate to a second-order re­
action. Furthermore, there has been a fair amount of 
support for the idea that dimer formation is an impor­
tant process during interstitial migration, despite the 
fact that one might intuitively expect a repulsion 
between interstitials, rather than an attraction, since 
the strains introduced by interstitials (particularly if 
the interstitial configuration is highly local) are highly 
compressive. In this regard, Eshelby's calculations18 

indicate that these intuitive ideas may be misleading 
and that attraction is possible. 

There are at least three experiments which may 
support a model in which dimer formation is important 
in some materials. Corbett and Walker,5 in analyzing 
the recovery of resistivity of copper in Stage I following 
electron irradiation, concluded that the probability of 
dimer formation is approximately equal to that of 
interstitial-vacancy annihilation (assuming random 
distribution of interstitials and vacancies). The recovery 
of gold following low-temperature electron irradiation, 
as observed by Ward and Kauffman19 and by Bauer, 
DeFord, Koehler, and Kauffman,20 may also be inter­
preted with the inclusion of dimer formation, but this 
is somewhat premature since the studies of gold have 
not proceeded sufficiently far as yet. Most directly, 
electron microscopy following neutron irradiation21 

appears to show the presence of interstitial clusters. 
Despite these evidences for the possible importance 

of dimers, we do not believe that Stage I I I should be 
attributed to dimer migration. For example, it is very 
difficult to see why the presence of zinc or copper in 
aluminum should promote the formation of dimers; yet 
this is a necessary conclusion on the basis of the data in 
the present experiment. A similar argument can be 
made in copper where it has been shown that Stage I I I 
is enhanced in magnitude by pre-irradiation deforma­
tion. Here one would have to assume that dislocations 
catalyze dimer formation; again an unlikely possibility. 

18 J. D. Eshelby, Acta Met. 3, 487 (1955). 
19 J. B. Ward and J. W. Kauffman, Phys. Rev. 123, 90 (1961). 
20 W. Bauer, J. DeFord, J. S. Koehler, and J. W. Kauffman, 

Phys. Rev. 128, 1497 (1962). 
2 1D. J. Mazey, R. S. Barnes, and A. Howie, Phil. Mag. 7, 1861 

(1962). 

We next turn to model (c). Once again the observa-
ion of second-order kinetics is consistent with this 
model. There are two serious objections to the model, 
however. First, it is again difficult to see why the 
presence of zinc or copper in aluminum should enhance 
the number of interstitials which reach dislocations and 
then are released from dislocations in Stage I I I , unless 
the dislocation density is higher in the alloyed material 
than in the pure material. Second, measurement of 
elastic moduli changes of copper following electron 
irradiation and subsequent thermal treatment indicate 
that point defects arrive at dislocations in Stage I I I , 
rather than depart from dislocations. 

Model (d) is the most likely explanation of Stage I I I 
in a one-interstitial model. This model was first proposed 
by Hasiguti22 and given additional credence by the 
calculations of Damask and Dienes,9 as discussed 
previously. There are, however, some experimental 
observations which are difficult to reconcile with this 
model. We note first that, on the basis of the present 
experiment, the impurity (or impurities) which is 
presumed to give rise basically to Stage I I I in "pure" 
aluminum is quite similar to copper and zinc in its 
trapping characteristics. While not inconceivable, this 

( appears unlikely. Notice, for example, the difference 
between the effects of copper and zinc in aluminum in 
Stage II . Furthermore, Corbett and Walker have 
pointed out that, in copper, the fraction of resistivity 
change which persisted above Stage I was constant even 
though they varied their initial defect concentration 
from about 1X10~6 to 2X10~5 in the presence of an 
impurity concentration of about 1X 10~6. 

The above discussion of possible recovery models is 
certainly not exhaustive. Nevertheless, we are led to 
the belief that the two-interstitial model is most 
consistent with the present observations and other 
pertinent observations to which we have referred. I t 
may be valuable to make one further point for the 
purpose of clarification. While we have ruled out the 
possibility that divacancies play a significant role in 
Stage I I I after electron irradiation (at relatively low 
energies), it is not unlikely that divacancies play a more 
important role in recovery in the Stage I I I temperature 
region following plastic deformation, quenching, or 
irradiation with more massive or more energetic 
particles. 

CONCLUSIONS 

The following observations were made in the present 
work: 

(1) Stage I in pure Al is similar, at least qualitatively, 
to Stage I in pure Cu. 

(2) Impurities, copper and zinc in particular, sup­
press Stage I recovery. 

22 R. R. Hasiguti, J. Phys. Soc. Japan 15, 1807 (1960). 
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(3) Stage III in pure aluminum obeys second-order 
kinetics, similar to Stage III in pure copper, with an 
activation energy of 0.45 eV. 

(4) Stage III in Al+0.1 a t .% Zn obeys second-order 
kinetics with the same energy as observed in pure AL 

(5) For equal amounts of irradiation, Stage III is 
larger in Al+0.1 a t .% Zn than in pure Al and is shifted 
to lower temperatures. The shift can be accounted for 
taking into account the different defect concentration 
implied by the unequal magnitudes of Stage III in the 
two cases and the observed second-order kinetics. 

(6) Stage II in Al+0.1 a t .% Zn obeys first-order 
kinetics, within the present accuracy. The activation 
energy is 0.22 eV. Stage II is considerably smaller in 
pure Al and is essentially absent in Al+0.1 a t .% Cu. 

From these observations one may directly exclude the 
following mechanisms to account for Stage III recovery 
following relatively low energy electron irradiation. 

(1) Vacancy migration. The activation energy 
governing Stage III is too low. 

(2) Divacancy migration. The energy of the bom­
barding electrons is too low to produce any appreciable 
concentration of divacancies. 

(3) Dimer (di-interstitial) breakup. The kinetics of 
Stage III are in conflict with such a model. 

The correct model for Stage III recovery appears to 
be limited then to the following possibilities: 

(1) Dimer migration. 
(2) Release of interstitial from traps near unspecified 

impurity atoms. 
(3) Release of interstitials from traps near disloca­

tions. 
(4) Migration of a second type of interstitial, the 

first type having migrated in Stage I. 

These last four models have been further compared. 
We believe the latter model fits the present observations 
and other related experimental data in the most 
consistent manner. 

This model is compatible with and augments the two 
interstitial model previously proposed to explain 
recovery in Cu. 

APPENDIX 

In the regime of chemical rate theory, the rate of 
decay of a species of concentration, c, is usually written 
as 

dc/dt= - vPcv exp(-E/kT), (Al) 

where E is a governing activation energy, v is the attack 
frequency (i.e., the number of times per second in 
which the defect attempts to change position), and P 
is the probability that, if the jump is successfully made, 
the defect will be removed from the lattice. As written, 
Eq. (Al) lends itself directly to the application in which 
isothermal measurements are made (i.e., where T is 

maintained constant). More generally, if the tempera­
ture is programmed suitably, the dependence of T on 
time, t, is known and Eq. (Al) can be appropriately 
integrated. 

To discuss the sequential isothermal method used in 
the text, we rewrite the above equation as 

dc/dr=-vcvP, (A2) 
with 

T=te-BikTm ( A 3 ) 

When the reaction equation is written in the above 
manner, it becomes clear that, if the activation energy 
is known, a pseudoisothermal curve can be constructed 
by correcting the time t spent at temperature T to the 
equivalent time to spent at an arbitrary temperature T0 

using an expression, which follows from Eq. (A3): 

•""^Ik-lr)] (M) 

The utility of a method which involves a time correc­
tion lies in the fact that the accuracy of purely iso­
thermal measurements is limited by practical experi­
mental difficulties. In order to obtain data at short 
annealing times so that time uncertainty is reduced, it 
is necessary to anneal the sample at low temperatures. 
In this case it becomes practically impossible to follow 
the annealing to sufficiently long times to study the 
latter portion of recovery, particularly as the order of 
reaction increases. If the temperature of anneal is 
increased to allow examination of the latter protion of 
recovery, the early annealing data are lost. 

These difficulties are circumvented with the use of 
isochronal techniques, where the entire recovery process 
can be conveniently studied. However, there is a 
distinct disadvantage in the isochronal technique in 
that the activation energy must be known before the 
reaction kinetics can be analyzed. In the present work, 
we have used primarily the combined isothermal-
isochronal technique of Meechan and Brinkman. This 
technique requires two samples, which may be a 
disadvantage in many cases. In such cases, the sequen­
tial isothermal technique becomes particularly advan­
tageous. In this technique, several data points are 
obtained at each temperature. The activation energy 
can then be determined by the well known slope-change 
method for it follows from Eq. (Al) that the ratio of 
the time decay of defect concentration at an instant 
when the temperature is changed from T% to T% is 

£ = — - - W p - -( ) , (A5) 
(dc/dt)T% L ft\Ti TJA 

so that 
kT{T2 

E= (IILR). (A6) 

zv-r2 
The feature of the sequential isothermal method is 
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that, once E is determined, all the data points taken at 
each temperature are used in a subsequent reaction 
rate computation and the analysis can be applied over 
essentially all of the recovery process. 

I t should be noted that this analysis applies only in 
the case in which a single rate process is involved. The 

INTRODUCTION 

MAGNESIUM silicide, germanide, and stannide 
are cubic semiconducting compounds with the 

antifluorite structure. The most recent work on the 
electrical properties of1 Mg2Si and2 Mg2Ge indicates 
that optical mode scattering is important at room tem­
perature. Morris et al. found a reasonable fit of their 
mobility data with a curve of optical mode-limited 
mobility versus temperature for longitudinal optical-
mode phonons with a characteristic temperature of 
400 °K. For Mg2Ge a characteristic temperature of 
200°K was assumed. An optical dielectric constant of 19 
resulted for Mg2Si. The mobilities of carriers in Mg2Sn 
have not been analyzed in such detail, but this com­
pound is believed to be less ionic than Mg2Si or Mg2Ge.3 

Reststrahl reflectivity peaks are expected to be ob­
servable in crystals in which optical mode scattering is 
important. The present set of measurements was under­
taken to partly characterize the optical mode lattice 
vibrations in these compounds. By varying the purity of 
the crystals some information on carrier effective masses 
might be obtained, but because of the carrier densities 
obtained and the rather large effective masses (0.2mo to 

* Contribution No. 1274. Work was performed in the Ames 
Laboratory of the U. S. Atomic Energy Commission. 

f Present address: Autonetics, a Division of North American 
Aviation Inc., Anaheim, California. 

1R. G. Morris, R. D. Redin, and G. C. Danielson, Phys. Rev. 
109, 1909 (1958). 

2 R. D. Redin, R. G. Morris, and G. C. Danielson, Phys. Rev. 
109, 1916 (1958). 

3 J. P. Suchet, J. Phys. Chem. Solids 21, 156 (1961). 

situation becomes more complicated in the case that 
two or more processes are occurring. At the same time 
it may be noted that processes more complex than 
envisioned in Eq. (Al) may be analyzed by the sequen­
tial isothermal method providing that the only explicit 
time dependence is that given in Eq. (A3). 

1.3wo),1,2,4 the effects of the carriers in our samples 
should not be great in the wavelength region covered.5 

EXPERIMENTAL DETAILS AND RESULTS 

All samples were cleaved faces of single crystals. 
Polished samples (not etched after polishing) showed a 
reduced reststrahl peak and were not used. The cleaved 
faces were not always perfectly plane but consisted of 
many parallel planes connected by steps. I t is estimated 
that this effect reduced the reflectivity of these samples 
only a few percent, if at all. 

The measurements were made at room temperature 
at a 12° angle of incidence. Light reflected from the 
sample or from an aluminum mirror used as a standard 
passed through a Perkin Elmer 160 fore-prism unit used 
as a prism monochromator with a thermocouple de­
tector. NaCl, KBr, and Csl prisms were used with ap­
propriate niters. For wavelengths below 30 ju the scat­
tered light was less than 1%. The scattered light rose 
gradually to about 20% at 47 /x. Corrections based on 
measurements of scattered light were applied to all data. 
The corrected reflectivities should be in error by less 
than 0.05 at 47 fx due to scattered light. Sample-to-
sample differences are probably due to differences in 
surface condition and carrier concentration. 

The near normal reflectivities of Mg2Si, Mg2Ge, and 

4 R. F. Blunt, H. D. R. Frederikse, and W. R. Hosier, Phys. Rev. 
100, 663 (1955). 

5 T . S. Moss, Optical Properties of Semi-Conductors (Butter-
worths Scientific Publications Ltd., London, 1959), pp. 29-33. 
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The room-temperature reflection spectra of Mg2Si, Mg2Ge, and Mg2Sn have been measured at wave­
lengths between 20 and 50 n. Reststrahl reflectivity peaks were observed at 36 and 45 fj, for IVfeSi and Mg2Ge, 
respectively, and a rising reflectivity in Mg2Sn is estimated to peak at about 54 fi. The occurrence of peaks 
indicates that these compounds are partly ionic. The reflection spectra are more like those of the alkali 
halides than those of the III-V semiconducting compounds. If a simple damped harmonic oscillator is used 
to describe the reststrahl mode, the three Mg compounds have the same force constant for this mode. Values 
of dielectric constants and effective charges are estimated for Mg2Si, and are used to evaluate a previous 
analysis of electron mobility in this compound. Effects of free carriers on the reflectivity of Mg2Ge indicate 
that the effective masses are in rough agreement with the results of transport measurements. 


