CONCERNING TEE EFFECT OF NEUTRON IRRADIATION
ON CERTAIN THERMOPHYSICAL CHARACTERISTICS
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It is shown experimentally that in neutron irradiated metals the heat capacity and thermo-
emf undergo changes because of the introduction of radiation effects. The feasibility of
using these phenomena to determine the concentration of excess vacancies is discussed,

The introduction of crystal lattice defects into metals as a result of irradiation by nuclear particles
causes changes in many of their structure-sensitive physical properties; it causes changes in isobaric~
isothermal potentials of the crystals and the internal energy increases [1-5]. The investigation of these
effects is of both direct practical importance and of theoretical interest from the point of view of explain-
ing the nature, concentration, mobility and interaction of point defects and other kinds of defects which af-
fect the physical and mechanical properties of metals,

I. Heat Capacity. Since lattice defects (vacancies, interstitial atoms, dislocations, etc) change the
energy of the crystal lattice, i.e., its internal energy, it is reasonable to expect that the heat capacity will
also change since the latter is the derivative of the internal energy with respect to the temperature.

Under thermodynamic equilibrium conditions, the concentration of point defects at T °K is given by
n = Aexp(— U /kT). 1)

As the temperature increases, the concentration of point defects, which are obviously vacancies, increases
rapidly, and the increase in the heat capacity associated with the formation of vacancies is proportional to
the expression [8]

U?
AC ~ EYTIZ exp(— Uy/kT). (2)

An exponential growth of AC can be expected at high temperatures, This was indeed observed in a
number of experimental studies of the heat capacity of metals [6~10], and the resulting values of AC were
used by the authors to determine the formation energy and concentration of vacancies near the melting point,
The results of these investigations showed that if the vacancy concentration in the metal is 1 at.%, the heat
capacity can increase by 50%. It should, moreover, be noted that according to [9, 10], the vacancy concen-
tration in a metal near its melting point lies between 1 to 2.7% which is an order of magnitude higher than
the values computed from the data of other authors [2, 12, 13]. If we accept the point of view of the latter
and assume that the vacancy concentration in most metals is about 0.1 to 0.2 at.% in the vicinity of the melt-
ing point, then the increase in the heat capacity can be 5 to 10 times larger, i.e., it would amount to 100 to
200% for 1 at.% vacancies.

When a metal is irradiated by neutrons, a nonequilibrium vacancy concentration is introduced into
the latter, The atomic fraction of displaced atoms is given by the relation [2, 4].

B = g1ogv. 3)
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For an integral flux of fast (E > 1 MeV) neutrons equal to 102’/ cm?, assuming that according to the cascade
theory v = 380 as given in [4] and that ¢g is 3.2 barns [14], we obtain for copper B = 0.12, i.e., 12% Frenkel
pairs, Although this value is clearly too high because of the simplifying assumptions introduced into the
cascade theory [15] (these assumptions are related in particular to neglecting collective processes, like
displacement spikes and thermal spikes, focusing phenomena, the true energy spectra of neutrons in the
reactor, etc,) the vacancy concentration in copper can reach values of 2 at %, according to more exact cal-
culations [16]. According to experimental data [17], an integral dose of fast neutrons of 10%/em? (for cop-
per, 2,03-10%/cm?) is needed to generate 1% Frenkel pairs in most metals, Such a dose requires several
weeks of irradiation in modern nuclear reactors, Consequently, it is relatively easy to attain concentra-
tions of point defects sufficient to produce substantial changes in the heat capacity by neutron irradiation,

In spite of its importance, there have beenrelatively few publications devoted to studies of the effects of ir-
radiation on the heat capacity of materials [34]. One of these investigations is that published by Overhauser
[18] who performed a theoretical calculation in which he showed that if the Frenkel pair concentration in an
irradiated metal is 107 it is reasonable to expect that AC will increase by 1%. Another publication on this
topic is [19] in which the increase of heat capacity of a-quartz irradiated by neutrons was investigated ex-
perimentally. In our opinion, experimental investigations of the effects of radiation on such fundamental
properties of metals like the heat capacity have an independent interest and they can also serve as an im-
portant method for studying the kinetics of pile~up and annealing of radiation defects in irradiated metals.
Accurate data on the behavior of the heat capacity in irradiated materials is especially necessary for study-
ing subtle thermal effects like the release of stored energy on annealing {11, 20]. In the course of such in-
vestigations, we observed the difference in heating rates of an irradiated sample and a control sample which
was tentatively attributed to increased heat capacity of the irradiated sample. Subsequent measurements
demonstrated the existence of such an effect,

The experiments were based on the differential thermal analysis (DT A) technique and were performed
in the vacuum chamber described in [21]. The samples were 99,99% pure copper, irradiated to moderate
fluences (8107 to 6101 fast neutrons/cm? at the ambient temperature in a VVR~M thermal reactor,
Copper was chosen so that there would be no recovery of physical properties in the temperature interval
50 to 150°C; most of the change in electrical conductivity occurs as a result of annealing at room tempera-
ture, but the mechanical properties have not yet recovered and consequently, the stored energy should not
be liberated; the observed thermal effect can be attributed to changes in heat capacity., On the other hand,
moderate fluences were selected in order to ensure that the radiation induced defect concentration would
be low; this would permit the results to be interpreted with the help of a simple model but large enough to
obtain a readily measureable increase in heat capacity.

According to the DTA method [22], the following equations describe the annealing of the irradiated
sample and the control

QN e, T g ATy, 4
dv /; dv
dQy dT, .
(;:L‘m§2m TG AT, )
dé aT dT.
§=T,—T,;- 2 = %l1_ 0l2
! 2 dr dv dt ’ (6)

Assuming that (dQ/dr); =~ (dQ/dr), and Gy ~ G, and combining (4), (5), and (6), we can write the fol-
lowing equation for the first anneal assuming that C; = C, + AC:

ds =(ﬂ>lmzcz—mlcl——m1AC _ G8; .
(dr i dv /i my (C,+ AC) ] m(C,+AC) " @

for the second anneal assuming that Cy = Cy:
(L) = (40 [ 2]~ S "
dv Ju dv juf m, m,C,
Subtraction of (8) and (7) and taking into account that the experiment is conducted so that

(dTy/dTt); = (dT,/d7)11 we have:

A=(gg) __(ﬂﬁ_) _dT,  mAC G&; Go1y
dr /1 dv Ju  dv my(Cy+AC)  m (C,+AC)  mC,

)

1254



S{a7)

10 ’JPJ—‘ acs
T

. \w/ : / e

Fig. 1 Fig. 2

Fig., 1. Difference between thermograms obtained for two suc-
cessive heatings of an annealed and an irradiated copper sample
(6 (AT), °C; T, °C).

Fig. 2. Increase in heat capacity of neutron irradiated copper as
a function of the point defect concentration (AC/C, %).

Since the experiment was conducted in vacuum at relatively low temperatues, the thermal losses are small
so that it is possible to assume that terms with Gé in (9) cancel each other. Then it is possible to obtain
from (9), formulae for determining the increase in heat capacity of an irradiated (or deformed) sample

1
ﬁz__de_l__1 ’ (10)

mIE;A

ACIC =

Figure 1 shows the difference in DTA thermograms obtained for two successive anneals of irradiated (810
/cm? and annealed samples, Here for A = 0,137°C/min, (dT,/dr) = 1.75°C/min, my = 1.787 g, m, = 1,830

g and calculation based on (10) gives AC/C = 0,0825, i.e., around 8%. Thus, as a result of irradiating cop~
per by neutrons to a fluence of 8- 10! fast neutrons/cm?, the heat capacity increases by 8%.

According to (3), the concentration of point defects for such an irradiation is equal to 9.7 - 1074, but
if we take into account that between 50 and 60% of the radiation defects introduced into copper are annealed
before reaching room temperature, it is reasonable to assume that the concentration was 0.05 at %. If it is
assumed, inaccordance with what we have previously pointed out, that AC/C = 100% for 1 at.% vacancies in
a metal, then our value AC/C = 8% is clearly related to a concentration of 0,08 at.% which is in good agree~
ment with cascade theory. Furthermore, it is interesting to note that the magnitude of ny, calculated from
the stored energy released in this experiment at temperatures above 200°C (~1 cal/g) amounts to 7+10™,
i.e., it is in good agreement with the value obtained from AC and the cascade theory,

On the basis of our data [23], and also of the calculations in [18], the heat capacity of irradiated cop-
per can increase as a function of the concentration of radiation point defects inmetals, as shownby the plot
of Fig. 2.

The resulting magnitude of AC in the irradiated metal is higher than the value which could have been
expected by taking into account only changes in the frequency spectrum of lattice vibrations caused by the
presence of defects [24, 25]. The value of AC is probably affected to a considerable extent by energy losses
associated with "evaporation! of single vacancies from complexes of various configurations [26], as a re~
sult of their thermal activation in the course of heating the metal, This is definitely similar to experiments
performed under equilibrium conditions when AC was obtained from (2) because of energy losses Uf associ~
ated with the formation of vacancies, In support of this hypothesis, we cite the fact that the result of eval~
uating ny from AC by using data from equilibrium experiments [6-10] agrees with the values obtained for
our nonequilibrium case by other means.

II. Thermo-emf, The phenomenon of the generation of a thermo-emf by a pair of deformed —unde~
formed metals has been known for a long time., Theoretical [27, 28] and experimental investigations
showed that the cause of this phenomenon is the introduction of vacancies and dislocations in the deformed
metal accompanied by change in the electron density and free path length of the electrons,

Since a characteristic of neutron irradiation of metals is the formation of point defects and other kinds
of lattice defects, it is reasonable to expect that an emf will be generated by anirradiated — unirradiated metal
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Fig. 3. Thermo-emf generated by a pair consisting of an irradi-
ated and an unirradiated sample of molybdenum (dEt/dT, uV/deg;
Thot > °C).

Fig. 4. Changes in the radiation induced thermo-emf in molybde-
num for isothermal (T = 150°C) annealing (¢, uV/deg; T, min).

pair. This effect has not been studied sufficiently, In [31] the results of an irradiation of iron and con-
stantan by protons are published, and [32] presents similar results for thermal neutron irradiated molyb-
denum, On the basis of these experimental studies and of the available theoretical models, it is not pos-
sible to obtain information about the behavior of thermo-emf in metals,* especially with body centered cubic
lattices, irradiated by fast neutrons.

In order to use the well known classical dependence of the absolute thermo~emf

T
E:= k?‘ In(N,/Ny) (11)
or the more exact relation [29]
E n2R2T?
t T TS AN 1A
9e M Ef‘_’)‘/s 12)
8m \ =
from which we obtain
9AN \ /3
AE/ =10 ’
) ( N ) as)

where € = dE¢/dT; it is necessary to know how the effective number of free electrons per unit volume changes
in the metal as a result of irradiation. No such data are available from the literature [1-5], and there is
little basis for setting AN/N equal to Av/v, as was proposed in [29] for deformed metals.

Experiments performed on wire samples (d ~ 0.5 mm) of molybdenum, tungsten and other metals of
standard technical purity showed [23] that a measurable thermo~-emf exists for the irradiated —unirradiated
metal pair, '

The sample irradiation conditions were similar to I above; the fluence of fast (E = 1 MeV) neutrons
was 4-10%/cm?, The measurement circuit based on a sensitive mirror galvanometer type M17/2 (1.5° 107"
V/mm/m) and the low resistance P~306 potentiometer; the cables were carefully shielded.

The results for Mo are shown in Fig. 3. For a temperature of the hot junction Thot j = 100°C and of
the cold junction Teold j = 25°C, the thermo-emf developed was & = dE¢/dT = 1.3 uV/deg. This value in-
creases with increased Thot j and its rate of growth was related to the Thompson emf so that changes in the
latter was equal to Ag = (42E /dT?) T = 1.27 uV/deg. As is well known from [33], the Thompson emf is re~
lated to the electronic heat capacity of a metal through the relation

Ac/o = AC,/C,. (14)

* This situation may be somewhat improved by the recent appearance of publications [35] and [36].
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It was assumed in [33] that o = 10 uV/deg for Mo, determined from ACp/Cp= 0.127, i.e., 13%. Thus, as a re-
sult of neutron irradiation of the metal, its electronic heat capacity changes also.

Parallel measurements of the electrical resistivity p in these Mo samples show that the increase of Ap
amounts to 13.5%. From these data, assuming that 1 at.% vacancies in Mo lead to an increase of about 10
uQ -cm it is possible to determine the magnitude of ny = 0.075% and to obtain the value Ae for 1 at . The
latter amounts to 20 1V /deg. On the other hand, by using the experimentally determined value of ¢ and
taking into account the data [29] on Ae for a single vacancy, it is possible to compute their concentration;
for this case, it was equal to 0.06%. Here Ac for a single vacancy was assumed to be equal to the value
appropriate to silver, since this parameter has not yet been evaluated for body-centered metals, This can
be partly explained by the difference in concentrations computed from p and e,

Isothermal anneal of irradiated Mo leads to a lowering of the induced thermo~emf because of the an-
nihilation of radiation defects. Figure 4 shows measurements of ¢ as a function of time for T = 150°C.
After long annealing time, a correlation is observed in the behavior of € and p.
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NOTATION

is the temperature;

is the time;

is the concentration of point defects;

is the concentration of vacancies:

is the energy of defect formation;

are the heat capacity of metal and its increment;

are the electronic heat capacity of metal and its increment;
are the Boltzmann and Planck constants;

is the integral flux of neutrons;

is the cross section of neutron collision;

is the theoretical value of the mean number of displaced atoms per one primary collision;

are the heat powers supplied to irradiated and standard samples;

are the rate of increase in the temperature of irradiated and standard samples;
are the masses and heat capacities of irradiated and standard samples;

are the heat losses;

is the temperature difference between irradiated and standard samples;

is the absolute thermal emf;

are the charge and mass of electron;

are the effective number of free electrons per unit volume of irradiated and unirradiated
metals;

is the relative change in volume of irradiated metal;

is the absolute differential thermal emf;

is the Thomson emf;

are the specific electric resistance and its increment;

is the preexponential factor taking into account entropy factor,

LITERATURE CITED

S. T. Konobeevskii, Radiation Effects in Materials [in Russian], Atomizdat, Moscow (1967).
A, Damask and G, Dienes, Point Defects in Metals [Russian translation}, Mir, Moscow (1966).
Van Buren, Defects in Crystals [Russian translation], IL (1961).

G. Dienes and G. Vineyard, Radiation Effects in Solids [Russian translation], IL (1960),
Vacancies and Other Point Defects [in Russian], Metallurgizdat, Moscow (1961),

T. E. Pochapski, Acta, Met,, 1, 747 (1953).

D. McDonald, J. Chem. Phys., 21, 177 (1953).

L. G. Carpenter, J. Chem, Phys., 21, 2244 (1953).

Ya. A. Kraftmakher, Fiz, Tverd, Tela, 4, No. 8 (1962); 7, No, 1 (1965).

V. O. Shestopal, Fiz. Tverd, Tela,, 7, No, 11 (1965).

E. K, Zavadovskaya et al,, Fiz, Tverd. Tela, 6, No. 11 (1964); in: Radiation Physics, Nauchnaya

Smvsl. Kiev (1966).

1257



12,
13.
14,
15.
16,

17,
18.
19,
20.
21,
22,
23,

24,

25.

26,
27,
28.
29,
30,
31.
32.

33.
34.

35.
36.

1258

B. Ya. Pines, Outlines on Metal Physics [in Russian], Izd. Khar'kovsk. Un~ta (1961), p. 146,

S. D. Gertzriken and N, N, Novikov, Fiz. Metal, Metal., 9, No. 2 (1960).

I. V. Gordeev et al., Nuclear Physics Constants, Atomizdat, Moscow (1963).

Khurchin and Pease, Uspekhi Fiz, Nauk, 18, 1 (1955),

G. Leibfried, Radiation Damage in Solids, Proec.Internat. School of Physics "Enrico Fermi,"
XVIII Course, ed. by Billington, Academic Press, New York (1962), p. 278.

D. Billington and J, Crawford, Radiation Damage in Solids, Princeton (1961), Chap. 5.

A, Overhauser, Phys. Rev,, 94, No. 6, 1551 (1954).

E, J. Westrum, Chem. Educ., 39, 443 (1962).

K. 8, Pedchenko, Atomic Technology Abroad [in Russian], No, 6 (1966).

K. 8. Pedchenko and V. S. Karasev, Physicochemical Mechanics of Materials, 4, No. 4 (1968).
W, Smother and Yao Chiang, Differential Thermal Analysis, Chemical Publ. Co. New York (1958).
K. S, Pedchenko, V. 8. Karasev, and V, M. Trikula, III All-Union Thermophysics Confer, Pro-
ceedings, Izd, Akad. Nauk AzSSR, Baku (1968), p. 42.

A, Maradudin, E. Montroll, and G. Weiss, Dynamic Theory of the Crystal Lattice in the Harmonic
Approximation [Russian translation], Mir, Moscow (1965).

G. Liebfried, Microscopic Theory of the Mechanical and Thermal Properties of Crystals [Russian
translation], Fizmatgiz, Moscow (1963),

In: The Nature of Small Defect Clusters, Vol, I, II, Harwell, Berks, Metallurg, Div, AERE (1966),
F. Abeles, Comp, Rend., 237, 15, 796 (1953).

A, Seeger, Phys. and Chem, Solids, 4, 3 (1958),

S. D. Gertsriken et al,, Ukr, Fiz, Zhur., 4, Nos. 3 and 4 (1959).

A, Ademenko and F, Dekhtyar, Phys, Stat. Sol., 21, k81 (1967).

A, Andrew and C, Davidson, Phys. Rev., 89, 4, 876 (1953).

S. D. Gertsriken, N, P, Plotnikova et al., Problems in the Physics of Metals and Alloys, No. 17,
Kiev (1963).

A, A, Rudnitskii, Thermoelectric Properties of Noble Metals and Their Alloys, Izd. Akad, Nauk
SSSR, Moscow (1956).

V. 8. Chirkin, Thermophysical Properties of Nuclear Technology Materials, Moscow (1968).
Nuclear Application, No, 12, 718 (1967).

N. F. Pravdynk et al,, Atomnaya Energ., 25, No, 3 (1968).



