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It  is shown expe r imen ta l ly  that in neutron i r r ad i a t ed  me ta l s  the heat  capaci ty  and t h e r m o -  
emf  undergo changes because  of the introduction of radiat ion effects .  The feas ibi l i ty  of 
using these phenomena to de te rmine  the concentra t ion of excess  vacancies  is d i scussed .  

The introduction of c rys t a l  lat t ice defects  into meta l s  as a resu l t  of i r rad ia t ion  by nuclear  pa r t i c l e s  
causes  changes in many  of the i r  s t r u c t u r e - s e n s i t i v e  physica l  p rope r t i e s ;  it causes  changes in i s o b a r i c -  
i so the rma l  potent ia ls  of the c ry s t a l s  and the in ternal  energy  i n c r e a s e s  [1-5]. The invest igat ion of these 
ef fec ts  is of both d i ree t  p rac t i ca l  impor tance  and of theore t ica l  i n t e re s t  f rom the point of view of expla in-  
ing the na ture ,  concentra t ion,  mobil i ty  and in terac t ion  of point defects  and other  kinds of defects which a f -  
fect  the physica l  and mechanical  p r o p e r t i e s  of meta l s .  

I .  Heat Capacity.  Since la t t ice  defects  (vacancies ,  in ters t i t ia l  a toms ,  dis locat ions,  etc) change the 
ene rgy  of the c rys t a l  la t t ice ,  i .e . ,  i ts internal  energy ,  it is reasonable  to expect  that the heat  capaci ty  will 
a lso  change since the l a t t e r  is the der iva t ive  of the internal  ene rgy  with r e spec t  to the t e m p e r a t u r e .  

Under the rmodynamic  equi l ibr ium condit ions,  the concentra t ion of point defects  at T ~ is given by 

n = A exp (--  U/kT) .  (1) 

As the t e m p e r a t u r e  i n c r e a s e s ,  the concentra t ion of point defects ,  which a re  obviously vacanc ies ,  i n c r e a s e s  
rapid ly ,  and the i nc rea se  in the heat  capaci ty  a s soc ia t ed  with the fo rmat ion  of vacancies  is propor t ional  to 
the expres s ion  [8] 

A C ~  U~ exp(--U/leT). (2) 

An exponential  growth of AC can be expected  at high t e m p e r a t u r e s .  This  was indeed obse rved  in a 
number  of exper imenta l  s tudies of the heat  capaci ty  of me ta l s  [6-10], and the resu l t ing  values of AC were  
used  by the authors  to de te rmine  the fo rmat ion  energy  and concentra t ion of vacancies  nea r  the mel t ing  point. 
The r e su l t s  of these invest igat ions  showed that if  the vacancy concentra t ion in the meta l  is 1 at.%, the heat 
capaci ty  ean inc rease  by 50%. It  should, m o r e o v e r ,  be noted that accord ing  to [9, 10], the vacancy concen-  
t ra t ion  in a meta l  nea r  i ts  mel t ing point l ies  between 1 to 2.7% which is an o rde r  of magnitude higher than 
the values  computed f rom the data of other  authors  [2, 12, 13]. If we accept  the point of view of the la t te r  
and a s sume  that the vacancy  concentra t ion in m o s t  me ta l s  is about 0.1 to 0.2 at.% in the vicini ty of the m e l t -  
ing point,  then the i nc rea se  in the heat  capaci ty  can be 5 to 10 t imes  l a r g e r ,  i .e . ,  it Would amount to 100 to 
200% for  1 at.% vacanc ies .  

When a meta l  is i r r ad i a t ed  by neut rons ,  a n o n e q u i l i b r i u m  vacancy eoncentra t ion is introduced into 
the l a t t e r .  The a tomic  f rac t ion  of displaced a toms is given by the re la t ion  [2, 4]. 

B = ~p-c~ .  (3) 
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For  an in tegra l  flux of fast (E > 1 MeV) neutrons equal to 102~ 2, assuming that according to the cascade 
theory  v = 380 as given in [4] and that ad  is 3.2 barns  [14], we obtain for copper B = 0.12, i.e., 12% Frenkel  
pa i rs .  Although this value is c lear ly  too high because of the simplifying assumptions introduced into the 
cascade theory [15] (these assumptions are related in par t icular  to neglecting collective p roces ses ,  like 
displacement  spikes and thermal  spikes,  focusing phenomena, the true energy spec t ra  of neutrons in the 
r eac to r ,  etc.) the vacancy concentrat ion in copper can reach values of 2 at %, according to more exact ca l -  
culations [16]. According to experimental  data [17], an integral  dose of fast neutrons of 102~ 2 (for cop-  
per ,  2.03 �9 102~ 2) is needed to generate 1% Frenkel  pai rs  in most  metals .  Such a dose requires  several  
weeks of i r radiat ion in modern nuclear  r eac to r s .  Consequently, it is relat ively easy to attain concent ra-  
tions of point defects sufficient to produce substantial changes in the heat capacity by neutron irradiat ion.  
In spite of its importance,  there have beenrela t ively  few publications devoted to studies of the effects of i r -  
radiation on the heat capaci ty of mater ia ls  [34]. One of these investigations is that published by Overhauser  
[18] who per formed a theoret ical  calculation in which he showed that if the Frenkel  pair  concentration in an 
i r rad ia ted  metal is 10 -5 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 s - q u a r t z  i r radia ted  by neutrons was investigated ex-  
perimental ly.  In our opinion, experimental  investigations of the effects of radiation on such fundamental 
proper t ies  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 i r radia ted  metals .  
Accurate  data on the behavior  of the heat capacity in i r radia ted  mate r ia l s  is especial ly neces sa ry  for s tudy- 
ing subtle thermal  effects like the re lease  of s tored energy on annealing [11, 20]. In the course  of such in- 
vest igat ions,  we observed the difference in heating ra tes  of an i r radia ted  sample and a control sample which 
was tentatively attributed to increased  heat capacity of the i r radia ted sample.  Subsequent measurements  
demonst ra ted  the existence of such an effect. 

The experiments  were based on the differential thermal  analysis (DTA) technique and were per formed 
in the vacuum chamber  descr ibed in [21]. The samples  were 99.99% pure copper,  i r radia ted to moderate  
fluences (8 �9 1017 to 6 �9 1018 fast n e u t r o n s / c m  2) at the ambient tempera ture  in a VVR-M thermal  reac tor .  
Copper was chosen so that there would be no r ecove ry  of physical  proper t ies  in the tempera ture  interval 
50 to 150~ most  of the change in e lect r ical  conductivity occurs  as a resul t  of annealing at room t e m p e r a -  
ture,  but the mechanical  p roper t i es  have not yet r ecovered  and consequently, the s tored energy should not 
be l iberated; the observed thermal  effect can be attributed to changes in heat capacity.  On the other hand, 
moderate  fluences were selected in o rder  to ensure that the radiation induced defect concentrat ion would 
be low; this would permi t  the resul ts  to be in terpreted with the help of a simple model but large enough to 
obtain a readi ly measureable  increase  in heat capacity.  

According to the DTA method [22], the following equations descr ibe the annealing of the i r radia ted  

sample and the control 

( - ~ ) 1 ~ m l C 1 ~  +G1AT, - , (4) 

~ 2 = m~c~7(-~ + a~Ar~, (5) 

d6 dT 1 dT 2 
6 =  T 1 - T  2; d~- ~- d--~--- d~ " (6) 

Assuming that (dQ/dT) 1 ~ (dQ/dr )  2 and G 1 -~ G 2 and combining (4), (5), and (6), we can write the fol-  
lowing equation for the f i rs t  anneal assuming that C 1 = C~ + AC: 

(7) 

for the second anneal assuming that C 1 = C2: 

(-~)u= (dT2~ [ m2 --1] G6,, 
\ dT ]Hi m, mtC 2" (8) 

Subtraction of (8) and (7) and taking into account that the experiment  is conducted so that 

(dT2/dT)i = (dT2/d~-)i I we have: 

( d 6 )  _ _ ( d 6 )  dT 2 rn2AC 66, 66H 
h = -~ , ~ H d~ m1(C2 -I- AC) m I (C 2 + AC) -I- --miC2 (9) 
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Fig. 1. Difference between the rmograms  obtained for two suc-  
cess ive  heatings of an annealed and an i r radia ted copper sample 
(5 (AT), ~ T, ~ 

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 relat ively low tempera tues ,  the thermal  losses  are small 
so that it is possible to assume that t e rms  with G5 in (9) cancel each other.  Then it is possible to obtain 
f rom (9), formulae for determining the increase  in heat capacity of an i r radia ted  (or deformed) sample 

1 
A C / C  = 

rn 2 d T  2 1 1 (10) 
m 1 d~ A 

Figure  1 shows the difference in DTA the rmograms  obtained for two success ive  anneals of i r radia ted (8" 1017 
/ c m  2) and annealed samples.  Here for A = 0.137~ (dT2/dT) = 1.75~ m 1 = 1.787 g, m 2 = 1.830 
g and calculation based on (10) gives AC/C = 0.0825, i.e., around 8%. Thus, as a resul t  of i r radiat ing cop-  
per  by neutrons to a fluence of 8.1017 fast n e u t r o n s / c m  2, the heat capacity increases  by 8%. 

According to (3), the concentrat ion of point defects for such an i r radiat ion is equal to 9.7 �9 10 -4, but 
if we take into account that between 50 and 60% of the radiation defects introduced into copper are annealed 
before reaching room tempera ture ,  it is reasonable to assume that the concentration was 0.05 at %. If it is 
assumed,  in accordance with what we have previously pointed out, that A C / C  = 100% for 1 at.% vacancies  in 
a metal ,  then our value AC/C  = 8% is c lear ly  related to a concentration of 0.08 at.% which is in good ag ree -  
ment with cascade theory.  Fu r the rm ore ,  it is in terest ing to note that the magnitude of nv, calculated from 
the s tored energy re leased  in this experiment at t empera tures  above 200~ (~1 ca l /g )  amounts to 7 "10 -4, 
i .e. ,  it is in good agreement  with the value obtained f rom AC and the cascade theory.  

On the basis  of our data [23], and also of the calculations in [18], the heat capacity of i r radia ted cop-  
per  can increase  as a function of the concentrat ion of radiation point defects in metals ,  as showaby the plot 
of Fig. 2. 

The resul t ing magnitude of AC in the i r radia ted  metal is higher than the value which could have been 
expected by taking into account only changes in the frequency spect rum 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  
associa ted  with "evaporation" of single vacancies  f rom complexes of var ious configurations [26], as a r e -  
sult of their  thermal  activation in the course  of heating the metal .  This is definitely s imi lar  to experiments  
pe r fo rmed  under equilibrium conditions when AC was obtained f rom (2) because of energy losses  Uf a s soc i -  
ated with the formation of vacancies,. In support of this hypothesis,  we cite the fact that the resul t  of eval -  
uating n v from AC by using data f rom equilibrium experiments  [6-10] agrees  with the values obtained for 
our  nonequilibrium case by other means. 

II. The rmo-emf .  The phenomenon of the generation of a t he rmo-emf  by a pair  of d e f o r m e d - u n d e -  
formed metals  has been known for a long time. Theoret ical  [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 e lectron density and free path length of the e lectrons.  

Since a charac te r i s t i c  of neutron i rradiat ion 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 an i r r a d i a t e d - u n i r r a d i a t e d m e t a l  
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Fig. 3. T h e r m o - e m f  generated by a pair  consist ing of an i r r a d i -  
ated and an unirradiated sample of molybdenum (dEt /dT,  /~V/deg; 
Thot j, ~ 

Fig. 4. Changes in the radiation induced the rmo-emf  in molybde- 
num for isothermal  (T = 150~ annealing (e, /~V/deg; T, rain). 

pair .  This effect has not been studied sufficiently. In [31] the resul ts  of an i r radiat ion of iron and con-  
stantan by protons are published, and [32] presents  s imi la r  resul ts  for thermal  neutron i r radia ted molyb-  
denum. On the basis  of these experimental  studies and of the available theoret ical  models ,  it is not pos -  
sible to obtain information about the behavior  of t he rmo-emf  in metals ,* especial ly with body centered cubic 
la t t ices ,  i r rad ia ted  by fast neutrons.  

In o rder  to use the well known class ical  dependence of the absolute t he rmo-emf  

Et = kT In(N~/N2 ) (11) 
e 

or the more  exact relat ion [29] 

Et 
n2k2T2 

2e h~ ( 3-~N~ ) 1/3 (12) 

from which we obtain 

Ae/e = , (13) 

where e = d E t / d T ;  it is neces sa ry  to know how the effective number of free electrons per  unit volume changes 
in the metal as a resul t  of i r radiat ion.  No such data are  available f rom the l i te ra ture  [1-5], and there is 
little bas is  for sett ing A N / N  equal to A v / v ,  as was proposed in [29] for deformed metals .  

Exper iments  pe r fo rmed  on wire samples  (d -~ 0.5 mm) of molybdenum, tungsten and other metals  of 
s tandard technical purity showed [23] that a measurable  t he rmo-emf  exists  for the i r r a d i a t e d - u n i r r a d i a t e d  
metal  pair .  

The sample i r radia t ion conditions were s imi lar  to I above; the fluence of fast (E _> 1 MeV) neutrons 
was 4 .  1018/cm 2. The measurement  circui t  based on a sensit ive m i r r o r  galvanometer  type M17/2  (1.5" 10 -7 
V / m m / m )  and the low res is tance  P-306 potentiometer;  the cables were careful ly shielded. 

The resul ts  for Mo are shown in Fig. 3. For  a tempera ture  of the hot ]unction Tho t j = 100~ and of 
the cold junction Tcold j = 25~ the t he rmo-emf  developed was e = d E t / d T  = 1.3 #V/deg.  This value in- 
c r ea ses  with increased  Thot j and its rate of growth was related to the Thompson emf so that changes in the 
la t ter  was equal to Aa = (d2E/dT 2) T = 1.27 #V/deg .  As is well known f rom [33], the Thompson emf is r e -  
lated to the e lectronic  heat capacity of a metal  through the relat ion 

A~/a = A G / G .  (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 a =  10 #V/deg for  Mo, determined f rom ACp/Cp=0.127,  i.e., 13~. Thus, as a r e -  
sult of neutron i r radiat ion of the :metal, its e lectronic  heat capaci ty changes also. 

Paral le l  measuremen t s  of the e lec t r ica l  res is t iv i ty  p in these Mo samples show that the increase  of Ap 
amounts to 13.5%. F r o m  these data, assuming that 1 at.% vacancies  in Mo lead to an increase  of about 10 
# ~ .  cm it is possible to determine the magnitude of nv = 0.075% and to obtain the value A~ for I at ~0. The 
la t ter  amounts to 20 #V/deg .  On the other hand, by using the exper imental ly  determined value of e and 
taking into account the data [29] on As for  a single vacancy,  it is possible to compute their  concentration; 
for this case ,  it was equal to 0.06%. Here As for a single vacancy was assumed to be equal to the value 
appropriate  to s i lver ,  since this pa r ame te r  has not yet been evaluated for body-centered  metals .  This can 
be par t ly  explained by the difference in concentrat ions computed f rom p and ~. 

I so thermal  anneal of i r radia ted  Mo leads to a lowering of the induced the rmo-emf  because of the an-  
nihilation of radiation defects.  Figure  4 shows measurements  of s as a function of time for  T = 150~ 
After long annealing t ime,  a corre la t ion  is observed in the behavior  of s and p. 

NOTATION 

T 
T 

n 

n V 

uf 
C, AC 
Cp, ACp 
k , h  
~or 

ad 

(dQ/d7) l ,  
(dQ/dr)2 
d T 1 / d r ,  
d T J d T  
rot, C1, m2, C2 
GAT 

5 

Et 
e,m 

N I , N 2 

Av/v 

g 

p, Ap 
A 

is the tempera ture ;  
is the time; 
is the concentrat ion of point defects;  
is the concentrat ion of vacancies;  
is the energy of defect formation;  
are  the heat capaci ty of metal and its increment ;  
a re  the e lectronic  heat capaci ty of metal  and its increment;  
are  the Boltzmann and Planck constants;  
is the integral flux of neutrons; 
is the c ross  sect ion of neutron collision; 
is the theoret ical  value of the mean number of displaced atoms per  one p r ima ry  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. 
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