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Two methods based on the release of inert radioactive gases were used to study processes 
taking place on heating of solids: the classical emanation method and the surface labelling 
method. The results obtained with the use of these methods are compared for the study of 
(a) substances which do not change chemically when being heated in the temperature 
range studied (e.g. a-Fe203), (b) substances in which dehydration and thermal 
decomposition takes place (e.g. Th(C20,)~.6H~O). 

For substances which exhibit chemical and structural changes when being heated, 
results of investigation by means of the two above mentioned radiochemical methods are 
compared with D T A  and dilatometric data, obtained under identical experimental 
conditions. Apparatus permitting simultaneous measurement of the release of two 
radioactive gases, D T A  and dilatometric measurement is described. 

From the substances which do not change when being heated, values of the activation 
energy of diffusion of inert gases incorporated by different ways are discussed. The 
advantages of the emanation and surface labelling methods over other physico-chemical 
methods are given and the possibilities of their application for the study of processes 
taking place in solids on heating, are described. 

1. Introduct ion 
Methods utilising inert radioactive gases for the 
study of solids are based on the measurement of 
the release of radioactive inert gas atoms which 
have been previously incorporated in the solids. 
The classical emanation method, which employs 
natural radioactive inert gases (radon isotopes), 
was developed by Hahn [1 ], Zimens [2], Starik 
[3] etc. In this method, incorporation of the 
inert gas is usually carried out by co-precipitation 
of trace amounts of the mother isotope of the 
gas (Th 2~8 or Ra ~24) from a solution in the course 
of preparation of the substance studied. The 
inert radioactive gas formed in the substance as a 
consequence of radioactive disintegration does 
not react with the substance, being released from 

the crystal lattice only as a consequence of 
physical-chemical processes taking place in this 
substance. Reviews of applications of the 
emanation method are given by Hahn [4], Wahl 
and Bonnet [5] and recently by Zhabrova [6] 
and Balek [7]. 

It is true that in post-war years, interest in this 
method waned, although recently it has again 
been growing in connection with new problems in 
solid state physics and chemistry. New applica- 
tions are being found for the emanation 
method and improved apparatus is available for 
measuring the radioactivity of gases. Recently, 
different variants of this method were suggested 
[7], also using inert gases produced by nuclear 
reactions in nuclear reactors. This paper [7] 

*The experimental part of this study was carried out during the author's stay at the Radiochemistry Dept, Moscow 
State University. 
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described the use of inert gas radioisotopes 
(Xe 138 and Kr aS) formed by uranium fission [8], 
and nuclear reactions of the (n, p), (n, ~) or 
(n, y) types [9-11 ]. The energy of Rn ~ recoil as a 
product of Ra 226 disintegration has been 
employed to incorporate radon into powdered 
substances [12]. Diffusion of Kr s5 at high 
temperatures and pressures was used in the 
production of radioactive "kryptonates" of 
various substances [13]. Many authors [14-16] 
have also used accelerated inert gas ions for 
introducing these gases into solids. The result is 
a volume or surface-labelling of the solids con- 
cerned, which is dependent on the energy of 
ionic bombardment of the inert radioactive gas 
used. 

Radioactive inert gases, incorporated in 
differing ways, were recently used to study the 
properties of refractory and nuclear ceramic 
materials [17 ], glass-like materials [18 ], inorganic 
polymers [19] and organic polymeric materials 
[20, 211. 

The purpose of this paper is to describe 
apparatus used for the simultaneous measure- 
ment of both alpha-radioactive emanation and 
beta-radioactive inert gas isotopes (e.g. Xe l~a, 
Kr85), and at the same time for differential 
thermal analysis (DTA)  and dilatometry of the 
same sample under identical conditions. The 
results of these methods will be mutually 
compared for materials exemplifying a substance 
which does not change chemically on being 
heated (e.g. e~-F%O3) and a substance in 
which thermal decomposition does take place 
(thorium-oxalate hydrate). In conclusion some 
recommendations are given for the use of these 
methods in the study of solids. 

2. Experimental 
2.1. Incorporation of Inert Gases into Solid 

Substances 
2,1.1. The Classical Emanation Method [1, 2] 
The substances studied were activated in the 
process of their preparation by a solution of 
Th 2zs in HC1, in such a way as to achieve an 
activity of the sample of 0.01 /~Ci per gram of 
the substance. The average crystallite size of the 
substances studied were 2 Fm (for ferric oxide) 
and 10 Fm (for thorium oxalate). 

2.1.2. The Surface Labelling Method 
A scheme of the glass apparatus proposed by 
Jech [16] is shown in fig. 1. 

The sample to be activated is placed in the 
920 
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Figure I Scheme of apparatus for surface labelling of solid 
samples by inert gas. 1 -adsorption pump, 2-inert radio- 
active gas reservoir, 3- sample cell, 4-  metallic calcium for 
gas purification, HF-high-frequency field generator, 
M-vacuometer, K1, K2-valves in glass apparatus. 

glass cell [3 ] connected to the vacuum apparatus. 
When a vacuum of 10 -z torr has been achieved 
by means of an adsorption pump [1] (the 
pressure being measured by the vacuum gauge, 
M), a small amount of the radioactive gas is 
introduced into the cell above the sample: the 
gas is obtained by desorption from the reservoir 
[2]. The final pressure after desorption is usually 
0.05 to 0.5 torr. Moreover, electrodes are applied 
to the cell and with a high-frequency transformer 
(Tesla, Czechoslovakia) an electromagnetic field 
of a maximum voltage of 15 kV is formed for a 
period of 0.1 to 3.0 sec. The gas ions formed are 
accelerated and, on incidence at the sample 
surface, penetrate to a depth of 10 to 30 A [16]. 
The penetration depth of the ions depends on 
their energy, as well as on the crystal structure 
and mass of the substance bombarded. When 
labelling has been completed in this way, the 
remaining radioactive gas is adsorbed again at 
liquid nitrogen temperature on charcoal in the 
reservoir [2], and after having been purified, 
if necessary, it is ready to be re-used. 

2.1.3. Measurement of the Radioactivity of the 
Gas Released from the Sample 

A sample of roughly 100 rag, labelled with the 
inert gas, is placed in a quartz crucible in a metal 
("thermographic") block fitted with three open- 
ings (see fig. 2). Apart from the activated sample, 
a thermographic standard (A12Oa) and a sample 
for dilatometric measurement are placed in the 
remaining two openings. This arrangement [22] 
makes possible emanation, D T A  and dilate- 
metric measurements simultaneously and under 
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Figure 2 Reaction vessel for the emanation apparatus. 
1-act ivated sample, 2- thermographic standard, 3 -  
samplefor dilatometric measurements, 5-thermocouples, 
6 -quar tz  rod of dilatometer, 7 -quar tz  crucibles for 
samples, 8 -ho lde r  tube, 9 -meta l  block, 10-quartz 
reaction vessel proper, 11 -ground glass joint, 12 - cooler, 
13 - rubber seal. 

absolutely identical conditions. The thermo- 
graphic blockis heated in an electric furnace: with 
a linear rate of  temperature rise, a rate of  8 to 
10 ~ C per min is usually used, corresponding to 
the optimum for emanation as well as D T A  
measurement. The temperature was measured by 
means of a chromel-alumel thermocouple 
immersed directly in the sample. 

The radioactive gas released from the solid 
substance is carried by a carrier gas stream (air or 
nitrogen) at a flow-rate of  300 ml/min into cells 
for gas radioactivity measurement. A device has 
been designed (fig. 3) to permit simultaneous 
recording of the alpha-activity of  radon and 
beta-activity of  xenon used in the surface- 
labelling method. To measure the alpha-activity 
of the emanation, a scintillation counter is used; 
this utilises ZnS as scintillator and has a photo-  

R R 

Figure 3 General scheme of emanation apparatus. 1 -  
recorder, 2 -  counting-rate meter for alpha-radiation, 
3 - counting-rate meter for beta-radiation, 4 - dilatometer 
detector, 5-thermocouples, 6 - g a s  drier, 7 -pho to -  
multiplier, 8-alpha-scint i l lat ion chamber, 9 -  cathode 
follower, 10-chamber for measuring beta-activity of 
gases, 11 -electr ical furnace, 12- reaction vessel, 
R -f lowmeter. 

multiplier connected to a counting-rate meter. 
The beta-activity of  xenon is measured by 

coupled Geiger-Mtiller-tubes with a counting- 
rate meter. 

This method, in which radioactivity of the 
emanation is measured with the use of a scintil- 
lation chamber, has a number of  advantages 
compared to equipment with an ionisation 
chamber [6, 23]. This is mainly due to the fact 
that ionisation is influenced by the chamber 
filling, gas humidity etc, while in the scintillation 
apparatus any gas whatever may be used as the 
emanation carrier. This is especially valuable 
when reactions in solids are to be studied in 
different media. The efficiency of the scintillation 
counter employed was 16 ~ .  

Curves of  the relationship between radioactive 
gas release and the time, were recorded together 
with temperature rise curves, D T A  and dilato- 
metric curves. 

The maximum statistical error of  activity 
determinations was not more than ! 5 ~ .  To 
measure dilatometric changes, a quartz dilato- 
meter with detector based on the differential 
transformer principle was employed. The sensi- 
tivity of  the measurement was 4 /zm per 1 cm 
scale length, the error being :k 1 ~ .  The sensitiv- 
ity of  the thermocouples in differential arrange- 
ment was 2 ~ C per 1 cm scale length, with 
temperature readings precise to -tz 0.5 ~ .  

A good reproducibility of  results was achieved 
with the apparatus described above. Nonetheless 
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the curves shown in this communication are each 
the result of at least three replications. 

3. Results and Discussion 
3.1. Fe r r i c  O x i d e  

The temperature-dependence of the rate of 
emanation release from ferric oxide* is shown in 
fig. 4. 

energy of diffusion of the emanation in the solid, 
R = gas constant, p = density, )t = decay con- 
stant of emanation, T = absolute temperature. 

The emanation curve may alternatively be 
constructed on a semilogarithmic scale, i.e. in 
the form of log Ea = f(1/T) (curve 4b), Ea being 
evaluated from E (emanation power at the 
relevant temperature) and Er (value of E 
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Figure 4 Emanation curve of ferric oxide obtained by decomposition of basic iron carbonate by means of heating to 
go0 ~ C (a) in E =  f(T) co-ordinates, (b) in log (E -- Er) = f(1/T) co-ordinates E r being the value of E at room temperature. 

Fltigge and Zimens [24] have shown by 
theoretical consideration, that if no chemical or 
physical conversions take place in a solid 
substance, the dependence of the emanation 
power E on temperature for a small crystallite 
of the substance concerned will be defined by the 
exponential function: 

r 0 S 
E = Er + Eo = - 4 r a p +  

S 
J ~  m p  exp ( _  ~ _ T  ) (1) 

where Er = part of emanation released due to 
the recoiled emanation atoms, Eo = diffusion 
part of the released emanation atoms, r 0 = range 
of recoiling atoms, S = specific surface, m = 
crystaUite mass, Do = pre-exponential term in 
the expression 

D = Do exp(-- Q/RT) 

where D is the diffusion constant, Q = activation 

measured at room temperature): 

Ea=E--E~t 
In thecurve 4btwo sections may be distinguished, 
a low-temperature section with a low value of  

log Ea/aT and a high-temperature section with 
a larger value of OlogEo/DT. The discontinuity on 
the curve lies at 693 ~ C, i.e. 0.53 of the absolute 
melting temperature of ferric oxide. With other 
crystalline, powdered inorganic substances the 
discontinuity on the curve also occurs at a value 
corresponding to 0.5 to 0.6 of their absolute 
melting temperature [24]. Tammann [25 ] demon- 
strated that this temperature (the "Tammann 
temperature") corresponds to the beginning of 
sufficiently intensive motion of atoms or ions in 
the crystal lattice, to cause effective diffusion rate 
in the solid. Based on the classical emanation 
method it is therefore possible to determine this 
temperature range, which is of  great practical 
importance, since above this approximate 
temperature it is possible that solid state 

*Fe203 was prepared by thermal heating of basic carbonate of iron at 900 ~ C as described in [27]. Specific surface 
area being 2 m2/g. 
tSpecific surface of ferric oxide studied changed from 2 m~/g to 1 m~/g during heating in the temperature range 20 
to 1100 ~ C. E is taken as approximately constant in this temperature region because it is much smaller than E at higher 
temperatures. 
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reactions can occur by diffusion mechanisms. 
The slope of the individual sections of the 

curve 4b (Arrhenius plot) can be used to deter- 
mine the activation energy of the emanation 
process in a solid for a specified temperature 
range. The activation energy of radon-diffusion 
in ferric oxide was evaluated as Q ---- 15 • 3 
kcal/mol in the range of 600 to 700 ~ C and 
Q = 40 • 5 kcal/mol in the range of 850 to 
1100 ~ C. 

These values agree very well with the emana- 
tion data reported by Cook [26] (8.4 and 42.2 
kcal/mol respectively) and also with values of Q 
obtained by Lindner and Matzke [121 from the 
measurements ntilising recoil incorporation of 
radon. They obtained the knee on the Arrhenius 
plot at about 660 ~ C and activation energy 
should be equal to 12 kcal/mol below and 
45 kcal/mol at the knee temperature. 

As the author will show in another communica- 
tion [27] the activation energy of the diffusion 
process of emanation in ferric oxide depends on 
the manner of preparing this oxide. 

The dependence of the release rate of radio- 
active xenon incorporated into Fe2Oa(haematite ) 
by means of ionic bombardment is given in fig. 5. 
The shape of the graphical representation of 
this relationship was derived independently by 
Redhead [28], Kelly and Matzke [29] and Carter 
[30]. They have shown that for single-jump 
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Figure 5 Temperature dependence of release rate of 
xenon, incorporated in ferric oxide by the surface labelling 
method. Duration of ion bombardment in high-frequency 
field ( T E S L A )  (a) 1 sec, (b) 5 sec. 

diffusion with a discrete activation energy Q, the 
experimental data generally involve peaks, the 
maxima (Tin) of which are governed mainly by 
Q's; one exception is single-jump diffusion with 
a uniform spectrum of Q, where there is no 
maximum. It was shown [28] that the shapes of 
curves depend markedly on the type of diffusion 
though they are quite sensitive to variations in 
the heating rate ]3m~n or the penetration range 
Rm. 

To obtain the parameter of Tm for the different 
geometries and types of diffusion Kelly and 
Matzke [29] have used the theory for constant 
temperatures. The derivation of the (Q/Tm) 
formulae for various depth distributions and 
types of motion is discussed fully in [29], the 
results used in the present work being contained 
in tables 2 and 3 of [29]. Under a condition of 
linearly increasing temperature basic expressions 
for the Q/Tm was derived: 

Q/Tm "~ A + 4.6 log~o Tm/Rm%~mm + 
4.6 log~o Do/(3 • 10 -1) (2) 

where Q is in caI/mol, /3rain is in ~ C/min, Do is 
the pre-exponential factor of the diffusion rate 
constant in cm2/sec and Rm is the median range 
of the ions involved in units A, which is the mean 
atomic spacing. A is the numerical factor 
depending on the geometry and type of diffusion. 

For the single-jump diffusion with discrete Q 
this relation can be written as 

Q/Tm ,~ 69.5 + 4.6 log10 Tm/Rm2fl • 4.6 (3) 

assuming Do = 3.10 -1+1 cm2/sec and taking Rm 
equal to 1. 

For the ferric oxide studied here, three peaks 
appear on the curve of xenon-rate release as a 
function of temperature (fig. 5) owing to the 
existence of several processes which influence the 
release of xenon from the ferric oxide on heating. 

The peak at 230 to 250 ~ C probably relates to 
the release of xenon captured close to the surface 
or on point defects (so called "damage diffusion" 
[32]). The activation energy of this process, 
evaluated by means of relation 3 is equal to 
Q = 36 • 4 kcal/mol. 

The second peak, at 460 to 480 ~ C, may be 
ascribed to conversion of the quasi-amorphous 
(metamict) state of the oxide caused by ion 
bombardment in a thin surface layer to the crystal- 
line state. Proofs are given by Jech and Kelly [321 
and Matzke [33]. This explanation is verified in 
our experiments by the fact that the magnitude 
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of this peak increased substantially when 
accelerated ions were allowed to interact with 
the surface of the substance for a prolonged 
period of time (fig. 5b), i.e. ~by increasing the 
radiation dose. The activation energy of gas 
release due to this conversion, as calculated h'om 
the Jech and Kelly theory [31], is equal to 56 
4- 4 kcal/mol. 

Normal volume diffusion is expected to start 
at about 0.5 absolute melting temperature 
N 650 ~ C for F%Oz) or at the temperatures of 
onset of self-diffusion (about 785 ~ C for Fe in 
Fe~O3 [34] and 685 ~ C for O in F%Oa [35]- 
calculation of the onset temperatures are given 
in [32].) Therefore the third peak with the 
maximum at 780 ~ C (curves o n fig. 5) could well 
represent normal volume diffusion of the gas. 
For this process, an activation energy of 
Q = 78 4- 5 kcal/mol was evaluated. 

Our results obtained for diffusion of Xe in 
ferric oxide (Xe having been incorporated by ion 
bombardment) arein good agreement with the re- 
suits of Matzke [36] and with data published by 
Ichiba [37], who used the recoil energy of xenon 
as uranium fission products to incorporate it into 
the sample. 

Similar effects were also observed on e-A12Oz 
and ~-Cr~O3 (also oxides of the corundum type) 
by Kelly and Jech [32] and Matzke [33, 36]. 

We should also mention that with the classical 
emanation method as well as with the method 
which uses ionic bombardment to incorporate an 
inert gas, the gas atoms can cause radiation 
damage. In the first case the recoiled atoms have 
an energy of roughly 85 keY, in the second case 
the ions are accelerated to an energy of up to 1 
keV (in the case of labelling by the method 
proposed by Jech [16]) or up to 80 to 100 keV 
(using various ion sources [33]). In both cases, 
the crystal lattice is damaged by radiation. This 
damage during ionic bombardment (mean doses 
are 10 lz to 101~ ions/cm z) is far greater especially 
in surface layers; this leads to the formation of an 
amorphous layer. On experimental curves, 
therefore, peaks appear corresponding to the 
annealing of point defects or the transition of the 
crystal lattice from the damaged to the normal 
state. 

Doses of radiation caused by recoiled radon 
atoms vary from 104 to 108 ions/cm 2 when the 
classical emanation method is used [33]. These 
are doses which do not usually cause radiation 
damage with inorganic substances, especially 
those of the cubic type. Any damage is local and 
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no layer of new damaged phase is formed. 
Comparing Q-values obtained with the eman- 

ation method and with the surface labelling 
method, we find that the activation energy of the 
corresponding processes differs. The cause of 
this difference probably consists in the character 
of the methods. The emanation method, in 
contrast to ion bombardments at low energies, is 
sensitive to grain-boundaries. Moreover, in the 
case of the emanation method the radioactive 
gas is constantly produced in the substance, and 
therefore the activation energy of diffusion of 
the emanation, calculated from the Arrhenius 
relationship, corresponds to a state in which the 
individual diffusion stages are not resolved. On 
the other hand, according to the theory of Kelly 
and Matzke [29] for diffusion of gas atoms 
incorporated into solids by means of ionic 
bombardment, Q-values obtained for individual 
diffusion stages (e.g. damage diffusion, volume 
diffusion etc.) are resolved. For example, at the 
temperature at which volume diffusion takes 
place, the gas which was originally located in sites 
from which it could diffuse by the mechanism of 
surface or damage diffusion, has already been 
released. 

3.2. Thorium Oxalate, Th(C204)2.6H~O 
Bussi~re [38] studied this substance by means of 
the emanation method, D T A  and thermo- 
gravimetry (TGA) using apparatus which 
allowed all three measurements to be made 
simultaneously and independently. We therefore 
thought it interesting to carry out emanation 
experiments together with a release of radio- 
active xenon incorporated by means of ionic 
bombardment. The apparatus employed permit- 
ted recording of D T A  curves at the same time. 

Fig. 6 shows the results of thorium oxalate 
decomposition studies in air. The phenomena 
shown on the emanation curve correspond to 
three processes: the first, at a temperature of 40 
to 220 ~ C, is caused by step-wise dehydration of 
the hydrate [39, 40]. In this temperature range, 
the D T A  curve shows two endothermic effects 
which correspond to serial elimination of four 
and then one water molecule. On the emanation 
curve these processes are imperfectly resolved, 
this fact may be related to the small degree of 
difference between the structures of thorium 
oxalate dihydrate and monohydrate. The authors 
[41] showed that the substance studied has a 
finely crystalline structure at 150 ~ C, which 
differs substantially from the initial structure, 
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Figure 6 Results of a thermal study of thorium oxalate. 
6H=O. 1 - D T A  curve, 2 - tempera tu re  dependence of 
xenon release, 3 -  emanation curve. 

while on heating from 150 to 250 ~ C only slight 
structural changes take place. The flat peak on 
the emanation curve in the temperature range of 
300 to 400 ~ C and the corresponding effects on 
the D T A  curve are due to stepwise decomposi- 
tion of thorium oxalate monohydrate. According 
to thermogravimetric measurements [39] de- 
hydration is accompanied by decomposition of  
the oxalate to ThO2. Some authors supposed 
[42, 43] that thorium carbonate is an inter- 
mediate in this process of decomposition. 

Our results agree well with Bussihre's data [38 ], 
however in contrast to Bussihre's interpretation 
of the cause of the last peak on the emanation 
curve at 400 to 450 ~ C, accompanied by an 
exothermic effect on the D TA curve,we suppose 
that this peak is related to conversion of the 
amorphous thorium oxide formed in the course 
of thermal decomposition, to the crystalline 
oxide. This explanation is confirmed by the 
results of X-ray analysis, according to which a 
sample, when heated to 370 ~ C, contains 
amorphous material of the composition ThO2, 
while in samples heated to 430 ~ C a crystalline 
phase of thorium oxide appears. Since this 
effect also occurs on D T A  curves recorded in 
an atmosphere of gaseous nitrogen, the cause of 
this effect cannot be the oxidation of carbon 
monoxide formed in the decomposition. 

The curve of the rate of the release of xenon 

which had been incorporated into the sample by 
ionic bombardment (fig. 6, curve 2) and recorded 
together with the emanation curve, fully confirms 
the above reaction scheme. Our results agree 
well with the work of Jech, Zhabrova, Roginskij, 
and Shibanova [40]. The results show, that on 
decomposition of thorium oxalate, as in the case 
of  thorium hydroxide [44], the amorphous oxide 
is formed first, converting on further heating to 
crystalline ThO2. 

4. Conclusions 
The classical emanation method as well as the 
surface labelling method are based on studying 
the rate of release of a radioactive inert gas from 
solids. Variations in the rate of the inert gas 
release from solids demonstrate, in an indirect 
manner, all the processes which are related to 
changes in the magnitude of the surface con- 
cerned or of conditions for diffusion of the inert 
gas in the solid. These include solid chemical 
reactions (dehydration, thermal decomposition, 
synthetic reactions), polymorphic transforma- 
tion, conversions of metastable amorphous 
structures into crystalline ones, changes in the 
concentrations of defects in the crystal lattice etc. 
In a number of cases, these changes may be 
followed directly from the shapes of the emana- 
tion curves. For  fuller interpretation, however, 
other physico-chemical methods are frequently 
employed, e.g. D T A ,  T G A ,  ditatometric 
measurements, X-ray analysis etc. 

The emanation method has a number of 
advantages over the others: under dynamic 
experimental conditions it makes possible 
structural changes of substances to be studied 
even when these changes are not related to a 
thermal effect (e.g. phase transformations of the 
II order [45]). In other cases, when finely 
crystalline or amorphous phases are formed, the 
emanation method is substantially more sensi- 
tive than X-ray analysis [46]. 

From emanation curves, the activation energy 
of the process of inert gas diffusion in the 
substance may be calculated; this activation 
energy depends on the state of the crystal lattice. 

In the case of the classical emanation method 
the sample contains the mother isotope Th 22s, 
which is a constant source of short-lived 
emanation (Rn22~ In the case of the surface 
labelling method, the amount of gas incorporated 
into the substance is limited, decreasing constant- 
ly on heating. When the entire amount of 
incorporated gas is liberated before the studied 

g25 



V. B A L E K  

effects have t aken  place  at  an e levated tempera-  
ture,  the  sample  is general ly  cooled  and  incor-  
p o r a t i o n  of  the gas is repea ted  [46]. Since in this 
case the  gas is i nco rpo ra t ed  into  the surface 
layers of  the  sample,  its m a x i m u m  rate  o f  release 
is achieved precisely at  the m o m e n t  o f  change o f  
the state o f  the surface. 

The  surface label l ing m e t h o d  is especial ly 
va luable  when it  is imposs ib le  to  act ivate  the  
substance in the course o f  its p repa ra t ion .  

On i nco rpo ra t i on  o f  the iner t  gas by  means  o f  
ionic  b o m b a r d m e n t ,  large amoun t s  of  r ad i a t i on  
defects  of  var ious  kinds  are  formed,  ma in ly  in the  
surface layers  of  the substance.  These effects 
m a y  manifes t  themselves on  the curves o f  iner t  
gas release. On  the o ther  hand ,  i t  thus becomes  
poss ible  to s tudy the anneal ing  o f  the  r ad i a t i on  
defects on  the  basis o f  iner t  gas release. By means  
o f  sui table  choice o f  the condi t ions  for  ionic  
b o m b a r d m e n t  ( ion energy and  r ad i a t i on  dose) it  
is poss ible  to create  var ious  types  o f  defects in a 
solid.  

S imul taneous  measuremen t  of  the  radioc t ive  
iner t  gas release i nco rpo ra t ed  into the sample  by  
the classical  e m a n a t i o n  m e t h o d  as well as by  the  
ionic  b o m b a r d m e n t  m e t h o d  m a y  offer va luable  
i n fo rma t ion  on  the ind iv idua l  stages of  reac t ions  
which t ake  p lace  on  hea t ing  o f  solids. 
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Letters 
Precipitation Hardening in 
Magnesium- Tin Alloys 

In aged magnesium-tin alloys the Mg~Sn 
precipitates lie mainly parallel to the (0001) 
plane of the matrix [1,2] and the preci- 
pitation is preceded by formation of  short- 
range order [2]. In the first part of  this work the 
influence of tin on the critical resolved shear 
stress (crss) of magnesium was determined [3]. 
In the second part, undertaken in order to 
investigate the behaviour of precipitation- 
hardened magnesium-tin alloys, microhardness 
measurements were made on magnesium-l.65 9/00 
tin (7.75 wt ~ )  alloys and the precipitation was 
checked in the electron microscope on carbon 
replicas. This work is described here. 

Small pieces of the alloys, cut from the same 
ingot, were homogenised, quenched and aged at 
200, 250 and 300 ~ C. The same procedure for 
homogenisation as employed by Hardie and 
Parkins [4], has been used here. For the ageing 
treatment the samples were enclosed in evacuated 
pyrex tubes. From hardness measurements on 
pure magnesitlm and on the alloy, both heat- 
treated in the same way, it was deduced that the 
polishing method did not alter the hardness 
appreciably. After three hours homogenisation 
at 550~ the hardness did not change any more, 
whereas the crss remained constant after 6 h. In 
both cases the measurements were made on 
samples in the as-quenched condition. A homo- 
genisation time of 5 h was applied to all samples, 
though there was still a proportion of  relatively 
big Mg2Sn particles. 

The microhardness of  magnesium-tin alloys 
increases with increasing tin content (fig. 1). The 
agreement with other published results [4] is 
perfect if the difference in method is taken into 

account. This increase in hardness is linear, but 
the straight line does not  pass through the result 
for pure magnesimn. The initial steep increase 
up to a "transitional" concentration, followed by 
a line of lower slope has been reported recently 
in other magnesium alloys tested in tension [5]. 
After the homogenisation, the samples were aged 
at the three mentioned temperatures. The 
precipitation was checked in the electron micro- 
scope, and the microhardness measured with a 
Vickers pyramid. The hardness of this alloy, 
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Figure I Microhardness of homogenised magnesium-tin 
alloys plotted as a function of tin content. 

plotted against the log of ageing time, passes 
through a maximum (fig. 2). Owing to uncertain- 
ties inherent in microhardness measurements [6], 
especially for cph structures [7], the Rockwell-B 
hardness was determined for one ageing 
temperature. The maximum occurred after the 
same ageing time, but the hardness itself was 
lower. The latter fact was probably due to the 
higher load used, since an increase in load for the 
microhardness determinations similarlyproduced 
a decrease of  hardness. The microhardness of the 
compound Mg2Sn was found to be as high as 
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