
GA-1093 
RADIATION EFFECTS ON MATERIALS 

IRRADIATION EFFECTS ON THE SURFACE 
REACTIONS OF METALS 
Summary Report October ], 1958, to November 1 , 1959 

By 
F. D. Carpenter 
J. L. White 

December 15, 1959 

General Dynamics Corporation 
General Atomic Division 
San Diego, California 

W 

'W 

UNITED STATES ATOMIC ENERGY COMMISSION 
Technical Information Service 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



LEGAL N O T i C i 
This report was prepared as an account of Government sponsored work. Neither the United 
States, nor the Commission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with respect to the accu­
racy, completeness, or usefulness of the information contained in this report, or that the use 
of any information, apparatus, method, or process disclosed in this report may not Infringe 
privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages resulting from the 
use of any information, apparatus, method, or process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" includes any em­
ployee or contractor of the Commission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee of such contractor prepares, 
disseminates, or provides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 

This report has been reproduced directly from the best 
available copy. 

Printed in USA. Price $1.00. Available from the Office of 
Technical Services, Department of Commerce, Washington 
25, D. C. 



GA-1093 

IRRADIATION EFFECTS ON THE SURFACE 

REACTIONS OF METALS 

Summary Report 

October 1, 1958, to November 1, 1959 

Contract AT(04-3)-179 

Work done by: Report wri t ten by: 

J. L. White F , D, Carpenter 
M. T. Simnad J. L. White 
F . D. Carpenter 
W. L. Kosiba 
D. W. Blethrow 
R. C. Weed 
C. C. Mor r i s 

Pro jec t No, 37 December 15, 1959 

GENERAL ATOMIC 
DrVIS lON OF GENERAL DYNAMICS CORPORATION 

® 

J O H N J A Y H O P K I N S L A B O R A T O R Y 

F O R P U R E A N D A P P L I E D S C I E N C E 

SAN D IEGO 12, C A L I F O R N I A 



I. INTRODUCTION 

The continuing purpose of this r e s e a r c h p rogram is to develop an 

experimental bas i s for a fundamental understanding of the effects of radiation 

on the surface react ions of me ta l s and naetal oxides. Since the issuance of 
(1)* 

the las t summary repor t , considerable p rog res s has been made in the 

development of facili t ies for studying the p roce s se s of oxidation, reduction, 

and dissolution of i r rad ia ted specimens; representa t ive exper imental resu l t s 

a re repor ted in Sections II and III. These resu l t s have shown several i n t e r ­

esting effects of reac tor radiation, par t icu lar ly with respec t to the enhanced 

chemical react ivi ty of i r rad ia ted c rys t a l s . A facility for the study of oxi­

dation and reduction kinetics within the radiation fields of a reac to r core has 

also been completed and is descr ibed in Section II. 

The surface react ions of a c rys ta l with a gas or liquid phase may be 

influenced by radiation in two ways: by activation of the reactant species 

in the gaseous or liquid environment, or by a l tera t ion of the s t ruc ture of 
(2) 

the c rys ta l surface. It i s des i rable to investigate these effects separa te ly 

as far as poss ible , and mos t of the work to date has concerned the react ivi ty 

of me ta l s and meta l oxides previously subjected to reac to r radiat ion. Thus, 

from a general viewpoint, attention has been focused on the nature of a 

radiation-induced crys ta l defect under such conditions that it is no longer 

within the bulk of the c rys ta l but ra ther at or near the surface, '\^here it 

may ei ther impar t enhanced react ivi ty to the crys ta l itself o r act as a 

catalytic site for another react ion. 
IL REACTIONS WITH GAS PHASES 

The exper imental facili t ies for the study of the react ions of me ta l s 

and meta l oxides with gas phases have been extended as follows; (1) the _ 
References a re l is ted on page 38, 

1 



existing microbalance system has been Daodified for g rea t e r stability; 

(2) an autotnatic recording microbalance has been built which provides 

increased sensitivity for investigations in the region of thin films of oxide; 

and (3) a watert ight furnace assembly for inser t ion into the core of the 
(3) 

TRIGA reac tor has been developed for the study of react ions in the 

radiation field of the r eac to r . The oxidation of copper and the subsequent 

reduction of copper oxide were selected for the init ial invest igations, as 

extensive informiation is available on the oxidation of copper outside of 
(4-9) 

radiat ion fields. F u r t h e r m o r e , copper of high pur i ty does not develop 

a high level of radioactivity on i r radia t ion and m a y thus be studied without 

excessive exper imental difficulties. 

REACTIONS OF COPPER AND COPPER OXIDE 

For studies of the oxidation and reduction of copper and copper oxide, 

modifications have been made in the microbalance sys tem previously 

descr ibed in o rde r to attain improved stability for long- te rm exper iments , 

m o r e uniform t e m p e r a t u r e s , grea ter load capacity, and m o r e convenience 

in routine operation. A general view of the p resen t system is shown in Fig. 1. 

The the rmal environment for the react ions has been improved by the 

use of a Nichrome-wound furnace with six taps to pe rmi t p rec ise adjustnnent 

of power in var ious pa r t s of the furnace. An aluminiim block 3 in. in diameter 

and 9 in. in length, placed within the furnace core and dri l led to take the 

sil ica react ion tube, provides additional the rmal stability and uniformity and 

also ac ts as a grounded shield. 

The control system for the Cahn electromagnet ic microbalance has 

been modified by the use of constant-voltage, d i r ec t - cu r r en t power supplies 

instead of the original ba t t e r i e s . This has effectively eliminated the balance 

calibrat ion drift in long- te rm exper iments . The sensit ivity, reproducibil i ty, 

and l inear i ty of the microbalance system have been found to be within -1 jxg, 

and the maximum balance load has been increased to 40 mg by modifying the 
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Fig. 1--General view of microbalance system 



balance beam. The electrostatic, effects commonly associa ted with such 

miicrebalances have been effectively counteracted by the use of a fine 

Nichrome suspension wire through which the specimen may be grounded 

whenever necessa ry . 

The major port ions of the oxidation and reduction of copper have been 

made at 150 C, well below the t empera tu re (350 C) at which the radiation 

hardening of copper has been found to anneal. The oxidation react ions 

were ca r r i ed out at a p r e s s u r e of 10 mm Hg of purified oxygen. These 

conditions were selected on the bas i s of p re l iminary studies performed to 

l ea rn (1) the cha rac te r i s t i c s of the balance, e, g, , the effects of buoyancy 

and convection, and (2) the minimum tempera ture at which a reproducible 

and conveniently measurab le ra te of oxidation could be obtained. 

The copper specimens were p repared by rolling copper of high purity 
o 

to a thickness of 0. 001 in. Several intermediate anneals at 750 C were 

performed during the reduction p r o c e s s , and the specimens were rolled in 

sandwiches between sheets of pure copper to avoid the introduction of 
2 

impur i t i es . The specimens had a nominal a rea of 2 to 4 cm . The foils 

were given a final anneal at 900 C for 24 hr in vacuiom. The foils were 

cleaned by dipping thenn in 10% HNO and then rinsing them in disti l led water , 
3 

acetone, and 1% H PO . A reproducible surface was then p repared by 

electropolishing them in 70% H PO . The residual phosphate films were 

removed by successive r inses of 1% H PO , dilute HNO , dist i l led water , 
3 4 3 

and acetone, and the foils were then stored under dry acetone until they 

were mounted on the microbalance suspension. 

Before a specimen was mounted on the balance suspension, the gas 

purification system was flushed thoroughly and the microbalance systena 

was degassed. P u r e argon was introduced into the microbalance system, 

at a p r e s s u r e about 30 m m Hg above a tmospher ic p r e s s u r e . The m i c r o -

balance system was then opened, and the specimen was t r ans fe r r ed from 

the suspension. The system was then closed and pumped down to a p r e s s u r e 
-5 

of 10 mm. Hg, The furnace was ra i sed into position, and stable weight 



readings and uniformity of t empera tu re were achieved before the reactant 

gas was admitted. 

An oxidation curve representa t ive of the resu l t s obtained in the initial 

studies of annealed copper is shown in Fig, 2, A parabol ic oxidat ion-rate 

relat ionship has been fitted to the data , i. e, , 

Am = 0. 105 \/r, 

where Am is the weight gain in m i c r o g r a m s and t is the t ime in seconds. 

It was observed in a number of runs that this relat ionship was only approxi­

mately valid for the relat ively thin oxide films (of the o rder of 2000 A); this 

ag rees with the observat ions of ea r l i e r worke r s , ' who found that the initial 

oxidation of copper cannot be represented by a simple analytical relat ion. 

In o rde r to understand further the chemical nature of the meta l surfaces 

p repared by t rea tments with hydrogen, the r a t e s of oxidation of copper 

specimens previously subjected to oxidation and reduction were investigated, 

and one set of resu l t s is shown in Fig. 3. Only the f irs t oxidation yields 

resu l t s which a r e charac te r i s t i c of the surface as originally prepared; 

subsequent oxidations show^ a rapid ra te of react ion in the initial period, 

followed by a ra te curve para l le l to the la te r stage of the f irs t oxidation. 

The resu l t s indicate that the copper result ing from the reduction of the film 

of Cu O is deposited in a state of enhanced react ivi ty on the surface of the 

original copper specimen. Thus, cleaning p roces se s employing hydrogen 

reduction to remove oxide films of appreciable thickness may lead to initial 

oxidation ra tes which a r e not typical of the bulk c rys ta l . 

In the e a r l i e r studies descr ibed in the f i rs t summary repor t (see Ref. 1), 

the cold-working of copper was shown to have an appreciable effect on the 

rate of oxidation, par t icu lar ly in the thin-film region up to a weight inc rease 
-2 

of about 5 jLtg cm , These resu l t s were in agreement with the observat ions 

of Lustman and Mehl, and on the bas is of these investigations an annealing 
o 

t empera ture of 900 C was selected to ensure complete annealing of the 

cold work. 
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The m e a s u r e d weight inc reases during the oxidation of i r rad ia ted foils 

of pure copper a t e compared with the measu remen t s on uni r rad ia ted foils 

in Fig, 4, Every effort was made to give the two sets of foils identical 

preparat ion; the set of control specinaens was s tored in sealed glass capsules 

under vacuxim for a period s imi lar to that required for the i r radia t ion, in 

s imi lar capsules , of the second set. The second set of specimens was 

i r rad ia ted in the Brookhaven National Laboratory reac to r , where they 
19 -2 '• 

received a total integrated flux of nvt = 2. 5 x 10 neutrons cin , ' 

Despite some sca t ter in the data of Fig. 4, the i r rad ia ted specimens 

showed grea te r weight i nc r ea se s than did the uni r radia ted specimens in the 

same t ime in te rva l s . The enhanced react ivi ty appears to be s t rongest in 
-2 

the thin-film region up to about 5 fig cm . Thus, the nucleation and growth 

of the thin film of oxide is markedly enhanced, but at film th icknesses above 

about 700 A the further growth of the oxide film is independent of the condition 

of the substra te mietal. 

In studies of copper where single c rys ta l s oxidized at 150 C during 

exposure to the radiation field of a r eac to r . Young found evidence for 

enhanced oxidation ra tes in the thin-film region (of the o rde r of 250 A). 

The present r e su l t s , obtained on specimens oxidized after exposure to 

reac tor radiation, indicate that the enhanced react ivi ty may be at t r ibuted 

to crys ta l defect s t ruc tu re s , since they appear at a surface moving into the 

c rys ta l body, ra ther than to activation of the gaseous reac tan t s . That these 

effects apparent ly pe r s i s t to oxide th icknesses corresponding to severa l 

hundred atom laye r s is not unexpected; studies of the ra tes of oxidation of 

var ious faces of single c rys ta l s of copper show s imi lar subst ra te effects 

pers i s t ing to oxide film th icknesses as large as 1000 A. F u r t h e r m o r e , 

observat ions by e lect ron microscopy of the films formed on different c rys ta l 

faces show that the film s t ruc ture is dependent on the surface of the meta l 
, (8) 

c rys ta l . 

X - r ay diffraction pat terns were obtained on severa l oxidized copper 

speciinens, including both i r rad ia ted and unir radia ted specimens. In each 
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case the oxide thickness was of the o rde r of 1200 A, The oxide film was 

identified a s Cu O and was shown to be stable after exposure to radiation. 

No CuO was detectable, indicating that the film contained l e s s than 1% CuO, 

if any. Assuming that the filnas a r e ent i rely Cu O, the weight inc reases 

may be converted to average oxide film th icknesses by the relat ion 

Al ^ J_50 
Am " A ' 

where Al is the average film thickness in angs t rom uni ts . Am is the weight 

increase in m i c r o g r a m s , and A is the surface a r e a in square cen t ime te r s . 

Several exper iments have been made to deternaine the effect of radiation 

on the reduction of Cu O. For this purpose , annealed copper foils were 
o 

oxidized at 250 C in O at 1 a tm for 20 miin, which produced a film thickness 
of approximately 2500 A. One set of foils was then i r r ad ia ted in General 

18 -2 

Atomic 's TRIGA reac tor to a total i r rad ia t ion of nvt = 1,7 x 10 neutrons cm 

and the second set was s tored in the labora tory under sinailar anabient 

conditions. The specimens were then reduced in the naicrobalance system 

with H gas at a p r e s s u r e of 1 a tm. The resu l t s of this exper iment 

(see Fig . 5) indicate that the induction period, during which the reduction 

proceeds very slowly or not at a l l , is unaffected by radiat ion. In la te r 

stages of the reduction p r o c e s s , the reduction ra t e s show a ser ious and a s 

yet unexplained lack of reproducibil i ty, and the effect of p re i r rad ia t ion of 

the oxide specimen appears to be l e s s than the spread between resu l t s of 

independent runs on uni r rad ia ted specinaens. In no case were the specimens 

fully reduced. Fur the r exper iments a r e planned to investigate the reduction 

phenomena m o r e fully. 

In another set of exper iments , to investigate the effect of radiation 

on the p roper t i e s of a thin film of Cu O on a pure copper subs t ra te , two sets 

of copper-foil spe-cinaens were f irs t oxidized to a film thickness of about 

1300 A by exposure to O gas at 150 C and 10 m m Hg for a per iod of 75, 000 

sec. Separate oxidations were performed in the Cahn microbalance system 
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for each specinaen in o rder to es tabl ish the cha rac te r i s t i c p r i m a r y oxidation 

curves for each specimen. Each set of specimens was then sealed under 

vacuum into a vi t reous silica capsule. One capsule was i r rad ia ted in the 
18 

TRIGA reac tor and received a total i r rad ia t ion of nvt = 3,4 x 10 neutrons 
-2 

cm , and the second capsule was s tored under s imi lar ambient conditions. 

After completion of the i r radia t ion, each specimen was further oxidized in 

the Cahn microbalance system to deternaine changes in the oxidation kinet ics . 

Each experiment was concluded by reduction of the specimens in H gas at 

1 a tm and 150 C. 

The resu l t s of two exper iments on the Cu/Cu O specimens a r e given 

in Fig , 6. Since the Cahn microbalance m e a s u r e s only weight changes and 

does not have sufficient capacity in the present application to weigh the ent i re 

specimen, the data have been plotted on the assum.ption that the weight in 

vacuxma at the s ta r t of the p r i m a r y oxidation is equal to the weight in vacuum 

at the conclusion of the reduction p r o c e s s . 

In three out of four cases the uni r radia ted specimens exhibited the 

behavior shown in Fig, 6; i. e. , the secondary oxidation proceeded in an 

apparently uninterrupted fashion, with only a slight misnaatch at the point 

of interrupt ion of the oxidation p r o c e s s . On the other hand, all the Cu/Cu O 

specimens that were removed for i r rad ia t ion displayed a la rge gap at the 

point of interrupt ion for i r radia t ion , and the kinetics of the secondary oxi­

dation were markedly decreased . For both the i r rad ia ted and uni r radia ted 

specimens, the reduction with H proceeded smoothly and rapidly. The data 

for the reduction p rocess a r e plotted on a scale anaplified by a factor of four. 

The implications of the data given in Fig. 6 a r e believed to be of 

inaportance to the general field of radiation effects with respec t to the tech­

nique of i r rad ia t ion . A plausible explanation of the in terrupted oxidation 

curve for the i r rad ia ted specimen is that even though the i r radia t ion was , 

conducted at an ambient reac to r t empera ture of about 25 C and the capsules 

were originally sealed under vacuum, the specimen suffered ei ther further 

oxidation or the t ransfer of m a s s from the capsule to i ts surface to the 
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extent of about 6 fig cmi . The la rge dec rease in weight during the reduction 

p rocess implies that the mechan ism of weight inc rease during i r rad ia t ion 

involved ei ther oxidation or the t rans fe r of a readi ly reducible oxide to the 

surface of the Cu/Cu O specimen. Fur the r exper iments a r e planned to 

investigate these phenonaena miore fully. 

DEVELOPMENT OF AN AUTOMATIC RECORDING MICROBALANCE OF 

HIGH SENSITIVITY 

The r e su l t s of the investigations repor ted in the previous section 

emphasize the inaportance of studies of react ions in the thin-filna region, 

where i r radia t ion of the c rys ta l phase has been shown to have a marked 

influence on the kinetics of the surface reac t ions . Although improvenaents 

in the p resen t microbalance facili t ies have resul ted in a sensit ivity of 
+ -2 

-0 . 2 fig cm for copper specinaens, this cor responds to a sensit ivity to 

thickness of only -75 A, In o rde r to extend the investigations to a sensit ivity 

of the o rder of -0 . 01 ^g cm (corresponding to a hypothetical thickness 

sensitivity of - 1 . 5 A for Cu O), a microbalance intended to achieve a 

sensitivity of ^0 . 1 jug and a naaximiim load of 750 nag is being developed. 

For grea te r convenience in the experinaental work, and with a view toward 

making m e a s u r e m e n t s possible in radiation fields of such intensity as to 

crea te a health hazard in the vicinity of the appara tus , this microbalance 

is being developed as an autonaatic recording device capable of remote 

operation when des i red . 

The design of the microbalance follows that of conventional to r s ion-

fiber microba lances made of vi t reous silica; such mic roba lances , which 

a re thoroughly descr ibed in the l i t e r a tu r e , can reach sensi t ivi t ies 

in excess of that nece s sa ry for the investigations planned. The principal 

objective in the development of the p resen t apparatus is to couple the to r s ion-

fiber microbalance to an automatic recording system without excessive loss 

of sensitivity and with maximum flexibility with respec t to sample s ize . 



xnaterial , and radiat ion field. The sensing device selected for the beam 

displacenaents^is a var iable-permeance t ransducer ; a s imi la r technique has 
(15) 

been employed by Cochran in developing a null-balance automatic r ecorde r 

for a microbalance of the type designed by Czanderna and Honig. 

The microbalance and vacuum system a re shown schematical ly in 

Fig. 7. General views of the apparatus in i ts p resen t state of development 

a r e shown in Fig . 8, and Fig. 9 i s a m o r e detailed view of the microbalance 

in i ts vacuum housing. The automatic recording microbalance system 

compr i ses four major components; (1) the microbalance and the sensing 

element for the beam position, (2) the vacuum and gas-purif ication systena, 

(3) the servo-cont ro l sys tem, and (4) the r eco rde r , which produces a 

continuous graphic r eco rd of the weight change a s a function of tinae. 

The frame and beam of the microbalance a r e constructed from vitreous 

silica rod 2 m m in d iameter . The beam is suspended in the center of the 

franae by a tungsten tors ion fiber 0, 001 in. in d iameter . The fiber is 

cemented in position with si lver chlor ide. The left a r m of the beam supports 

the t ransducer sensing probe and a compensating solenoid, and the right 

arna supports the specimen hanging in the furnace. 

The e lec t r ica l c i rcui t for the control and recording system is i l lus ­

t ra ted in Fig, 10. The compensating solenoid consis ts of a t a re coil and a 

nulling coil, which act on a Cunife magnet suspended below the va r i ab le -

permeance t r ansducer probe . The t a re coil, which is not a pa r t of the 

automatic recording c i rcui t , s e rves to bring the balance to null at the out­

set of an experinaent. The nulling coil is actuated by the control system 

to co r rec t for the nonlineari ty of the output signal frona the sensing t ransducer 

This nonlineari ty relat ive to the probe displacement resu l t s from the naove-

ment of the Cunife magnet in the field of the t a re coil. 

Several cal ibrat ion exper iments have been done on the complete 

system with sat isfactory resu l t s as to the performance of the control and 

recording sys t ems . However, the sensitivity of the system requ i res that 

m o r e elaborate mechanical damping and a cons tan t - tempera ture environment 
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be provided for the microbalance system before further t es t s a r e undertaken. 

DEVELOPMENT OF FURNACE FOR STUDIES IN REACTOR RADIATION 

FIELDS 

The effect of reac tor radiation in activating the gaseous reac tants will 

be studied by measur ing the ra tes of react ion of me ta l s and meta l oxides 

with gases during exposure to a radiation field. For this purpose , a furnace 

has been designed and constructed for operat ion within the General Atomic 

TRIGA reac to r . The out -of - reac tor t es t s on the furnace have been 

completed successfully, and the furnace and connecting tubes a r e being 
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prepared for inser t ion into a position immediately adjacent to the core of 

the reac tor (see Fig, 11). 

The design of the TRIGA react ion furnace is shown in Fig. 12. 

Figure 13 is a view of the furnace d isassembled to show the component 

p a r t s . Mate r ia l s of low c ross section have been used insofar as possible 

to mininaize perturbat ion of the reac tor and to reduce the problem of disposal 

of the burned-out furnace. The internal pa r t s of the furnace, including 

thermocouples and Al O insulation, fit within a watert ight fuel-element 

can, which is inser ted into the reac tor co re . The Nichrome r e s i s t o r wire 

is insulated by ce ramic "fish sp ines" and is woundon a 7 /8- in , -OD aluminum 

furnace tube, which se rves as one power lead. The furnace is fitted with 

thermLOcouples made of No. 24 gauge Chronael-Alumel wire at frequent 

intervals to ensure t empera tu re uniformity, and the windings may be tapped 

or spaced to reduce the power in hot regions . The thernaocouples a r e 

insulated by glass and asbes tos at points above the ce ramic insulation. 

Swage-lock connectors located 6 in, above the furnace head provide a 

watertight joint to the tubes leading to the surface of the r eac to r shielding 

pool. 

The furnace has been tes ted under water to check the leaktightness 

and to l ea rn the operating cha rac t e r i s t i c s . At an operating t empera tu re of 
o 

350 C the power required was 1500 w, and the hot zone showed t empera tu re 

uniformity of -10 C over a length of 4 -1 /2 in. 

The initial experinaents planned for execution within the TRIGA reac tor 

have been simplified in o rde r to check the components of the furnace and 

the exper imental p rocedures during in - r eac to r operat ion. In the f i rs t set 

of oxidation experinaents, it is proposed to m e a s u r e the ra te of oxidation 

of copper in the radiation field by means of a multiple - sample technique. 

Weighed copper foils will be sealed into vi t reous silica capsules in pure 

oxygen at a p r e s s u r e of 10 m m Hg (as was done in the pos t - i r rad ia t ion 

exper iments repor ted above). Each capsule will be lowered into the react ion 

furnace via the convoluted aluminuna inser t ion tube. After exposure to the 
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Fig. 11--Location of react ion furnace relat ive to 
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radiation field for a given per iod of t ime , the capsule will be withdrawn 

from, the furnac§ and stored to allow the radioactivity to decay to safe 

leve ls , and the extent of react ion will be determined by weighing or by 

optical techniques. 

HI. REACTIONS WITH AQUEOUS PHASES 

(17) 

The electrochernical mechan isms by which mos t react ions of 

me ta l s with aqueous solutions proceed may be i l lus t ra ted by the simple 

case of copper in contact with a solution containing cupric ions, which is 

shown in F ig . 14. Assuming the surface of the undisturbed copper specimen 

to consist of local anodes and cathodes of potentials E and E , respect ively, 

the flow of ions from the anodes to the cathodes will follow the polar izat ion 

curves and will yield an average specimen potential , E , and a cor ros ion 

cur ren t , i . If the anodes a r e m.ade m o r e electroposi t ive by i r radia t ion 

CURRENT 

Fig. 14--Schematic d iagram i l lustrat ing the e lec t rochemica l nature of 
react ions of me ta l s with aqueous solutions; (left) simplified model of 
copper specimen reacting with aqueous solution of cupric ions, (right) 

polar izat ion curves for anode, cathode, and activated anode 



(e. g, , by the precipi tat ion of vacancies and in te rs t i t i a l s on a dislocation 

and thus rais ing the dislocation line energy), the new anode potential will 

resul t in a lower average specimen potential , E , and a l a rge r cor ros ion 

cur ren t , i . Although the actual values of E and i will depend in a complex 

manner on a number of va r i ab les , such as the chemical na ture , polar izat ion 

cu rves , and distr ibution of the local anodes and cathodes, the essent ia l 

point is that the effects of radiat ion on a solid taking pa r t in an e l ec t ro ­

chemical surface react ion with an aqueous solution may be m e a s u r e d in 

two ways: (1) by measur ing the e lectrode potentials and (2) by measur ing 

the cor ros ion c u r r e n t s . 

ELECTRODE POTENTIALS 

Measuremen t s have been made of the electrode potentials of specimens 

of copper, a luminum, magnesixxm., and zirconium, i r rad ia ted in the Brookhaven 
19 -E 

reac to r to a total flux of nvt = 3 . 3 x 1 0 neutrons cm . Copper was 

selected for the initial s tudies , which involved extensive improvements in 

tiie apparatus and technique, since this is the only me ta l of those l is ted above 

which can be expected to form a revers ib le electrode in equil ibrium with 

an aqueous solution of the meta l ions. 

The development of the appara tus (see Fig . 15) centered around 

attaining and maintaining a high degree of c leanl iness of the e lect rodes 

and the e lec t ro ly te . The e lec t ro ly te -prepara t ion r e s e r v o i r or the electrode 

compartment can be evacuated, and pure argon may be passed through 

ei ther compar tment during t rans fe r of the electrolyte solution or of the 

e lec t rodes . Grease l e s s Teflon stopcocks were used at points in contact 

with the e lec t ro lyte , and a s t i r r ing device provided a controlled flow of 

electrolyte over the e lec t rodes . During operation, the apparatus was 

submerged in a cont ro l led- tempera ture water bath. The potentials were 

recorded by means of a Kintel microvol t amplifier coupled to an E s t e r l i n e -

Angus r e c o r d e r . Four e lec t rodes were employed--two i r rad ia ted specimens 
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Fig. 15--Apparatus for measu remen t of electrode 
potentials of i r rad ia ted meta l specimens 

and two annealed specimens which served as reference e lec t rodes . During 

the development of the appara tus , cold-worked specimens were used to 

simulate i r rad ia ted specimens and to econom.ize on them. 

The e lec t rodes were in the form of 1/8-in. -d iameter copper rods 

which had been annealed at 900 C in vacuum pr io r to i r rad ia t ion . The 

p re l iminary cleaning of the e lec t rodes was done by bright-dipping them in 

50% HNO^, r insing with deaera ted dist i l led water , electropolishing in 50% 

orthophosphoric acid, r insing with 0. 5% H , P O , , and then r insing with 
3 4 * 

deaera ted dist i l led water . The final cleaning was done in the e lectrode 

compartment , where the rods were electroetched in contact with 0. 5 N 

CuSO^ pr io r to a final r inse with the deaera ted e lec t ro ly te . The electrode 



connections and supporting wires were coated with a mixture of 70% b e e s ­

wax and 30% paraffin. 

The electrolyte used with the copper e lec t rodes was 0. 5 N CuSO 

purified by vacuum deaerat ion in the solution r e s e r v o i r . The solution was 

equil ibrated with clean copper shot that had been added to the r e se rvo i r ; 

darkening of the surface of this copper shot indicated that the puri ty of the 

solution had de te r iora ted . 

The electrode potentials of i r rad ia ted specimens of copper relat ive 

to those of annealed specimens a r e shown in Fig. 16 as a function of t ime. 

The i r rad ia ted specimens maintained an anodic potential of about 1 mv for 

70 h r , after which the puri ty of the solution de ter iora ted . The cold-worked 

e lect rodes showed a s imi lar anodic potential of about 1 mv, but this potential 

began to decay after about 20 hr ; these resu l t s ag ree with the measu remen t s 
(18) 

of Wernick, who also encountered ser ious problenas of surface contam­

ination during m e a s u r e m e n t s on cold-worked copper. 

The effect of t empera tu re on the potentials of the i r rad ia ted copper 

specimens re la t ive to the potentials of the annealed specinaens is shown 

in Fig . 17. There is a definite t rend toward a negative t empera tu re 

coefficient for the potential of the Cu ( irradiated)/O. 5 N CuSO /Cu (annealed) cell . 

If the observed electrode potentials can be assumed to be simply related 

to the revers ib le potentials of the local anodes, as indicated in the schematic 

d iagram in Fig . 14, the negative tenaperature coefficient cor responds to a 

positive entropy of the i r rad ia ted copper relat ive to that of the annealed 

copper. 

The potentials of cel ls involving the i r r e v e r s i b l e e lec t rodes of aluminum., 

magnesixim, and zirconium were m e a s u r e d using 1 N KCl solution as the 

e lec t ro lyte . In no case were reproducible or steady potentials observed, 

and the potential between two annealed specimens was often grea te r than 

those between the i r rad ia ted and annealed spec imens . It was concluded that 

the cell potentials were dominated by the oxide films formed on the electrode 

surfaces . 
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Fig. 17--Effect of t empera tu re on electrode potential of i r rad ia ted copper 

STUDIES OF DISSOLUTION REACTIONS 

In order to m e a s u r e the cor ros ion cur ren t (designated i and i in 

Fig. 14) of a specimen in contact with an e lect rolyte , it is neces sa ry to 

emiploy a cathode react ion which is not simply a r eve r sa l of the anode 

react ion. The cor ros ion cur ren t can then be related to the ra te of increase 

of the anode react ion product in the solution. Fur the rmore , it is des i rable 

to choose a cathode react ion which has a revers ib le potential only slightly 

above that of the anode react ion, in o rde r to maximize the relat ive effect 

of radiation on the anodic polarizat ion curve . 

Copper was selected for these studies for two reasons . F i r s t , the 

r e su l t s of the e lec t rode-potent ia l measu remen t s repor ted in the previous 

section indicate that radiation does affect the local anode react ion potentials , 

so that the r a t e s of dissolution may be expected to be radia t ion-sens i t ive . 
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Second, the exhaustive studies of the dissolution of copper in fe r r ic solutions 
(19) recently repor ted by F e r r a r i provide an excellent bas i s for the design 

of exper iments involving i r rad ia ted copper speci inens. The resu l t s obtained 

by F e r r a r i show that the dissolution of copper in FeCl solutions is diffusion-

controlled at t empe ra tu r e s above 7 C and that the dissolution is influenced 

by the surface s t ruc ture at t empera tu re s below 7 C. Thus, the Fe -Fe 

cathode react ion appears to have the sensitivity des i red for test ing the 

effects of radiat ion on the dissolution of copper. 

The f i r s t set of exper iments consisted of d i rec t m e a s u r e m e n t s of the 

rate of dissolution of annealed, cold-worked, and i r r ad ia ted specimens of 

pure copper in Fe(NO ) solutions at 5 C. F e r r i c ni t ra te was selected 

because the react ion proceeds m o r e slowly than when F e C l is used and 

does not have the complications due to chloride ion complexes . 

The copper specimens were rolled and cut into two sheets with 

dim.ensions of 0. 5 by 15 by 25 m m . Two-thirds of the specimens were 
o 

annealed in vacuum at 900 C for 24 h r , and half of the annealed specimiens 
18 -2 

were subjected to a total radiat ion of nvt = 2 . 7 x 1 0 neutrons cm in the 

Brookhaven reac to r . The specimens were p repa red for i r radia t ion by 

degreasing, cleaning in 10% HNO , r insing, and masking to expose exactly 
2 

1 cm of surface. The dissolution apparatus is shown in Fig, 18, The 

react ion flask was filled with 1500 ml of a M / 3 Fe(NO ) solution which 

was s t i r r ed by a glass propel ler at 380 rpm. Aliquot samples of the solution 

were rem.oved at regular in tervals by means of the capi l lary tube running 

to the sampling bulb. The Cu content of each sample was determined by 

a spectrophotometr ic method employing Neo-Cuproine (2, 9 -d imethyl -1 , 10-

phenanthroline hemihydrate) reagent , which is highly specific for copper. 

The concentration of the copper complex was m e a s u r e d at a wavelength of 

457 m^ . 

The r e su l t s , which a r e given in t e r m s of the react ion ra te constants 

in Table 1, show that there is no significant difference between the ra tes 

of react ion of cold-worked and annealed specimens . However, the average 
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Fig. 18--Apparatus for measu remen t s of 
r a t e s of dissolution of meta l s 

in aqueous solutions 

ra te of react ion of the i r fadia ted copper specimens is l a r g e r than that of 

the annealed specimens by an amount approxim,ately equal to the es t imated 

uncertainty. Thus, it seems likely that i r radia t ion has enhanced the 

react ivi ty of the copper specimens by of the order of 5%. 

The next set of exper iments was designed to es tabl ish optimiim con­

ditions for observing the differences in the dissolution r a t e s of i r r ad ia ted 

and xinirradiated copper spec imens . Fo r this purpose four single c rys ta l s 

of copper cut to the (111) face were used. Trager t and Robertson have 

shown that the (111) face is the mos t stable c rys ta l face for copper. Two 

c rys ta l s were exposed in the TRIGA reac tor to a re la t ively low total r a d i -
1A -? 

ation of nvt = 9 x 10 neutrons cm . The (111) s\trfaces were then etched 
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Table 1 

REACTION-RATE CONSTANTS FOR THE DISSOLUTION O F COPPER 

IN M / 3 Fe(NO ) SOLUTIONS AT 5°C 
-E -1 

(In ^g cm sec ) 

Annealed 
Specimens 

2 . 8 g i 0.8 

2.5.^ ± 0 . 5 

3.0^ ± 0 , 2 

2 .7^ ± 0 . 4 

Cold-worked 
Speciinens 

2 .4^ ± 0.7 

2.7.^ ± 0 . 2 

2 .6^ ± 0.2 

2.9.^ ± 0 .3 

2.7g ± 0 . 2 

I r rad ia ted 
Specimens 

2 . 9 g t 0 .4 

3.0.^ ± 0 , 2 

Weighted Average 

2 .8^ ± 0 , 2 2 . 7 ^ ± 0.2 3 , 0 5 + 0 . 2 

by the technique developed by Lovell and Wernick for the development 

of dislocation etch p i t s . 

An essent ia l t feature of a dislocation etchant is that the react ivi ty of 

the solution is so closely adjusted to that of the c rys t a l surface that such 

surface features as dislocation cores a r e at tacked preferent ia l ly . In t e r m s 

of the polar izat ion curves of F ig . 14, such a situation will exist when the 

cathode react ion potential is l e s s than the "per fec t - sur face" potential but 

g rea te r than the potential of the dislocation co re . Thus, the use of d i s ­

location etchant solutions in combination with microscopic observat ions of 

the etched surfaces offers another means of investigating the enhancement 

of react ivi ty of a c rys ta l by i r rad ia t ion . 

The specimens were chemical ly polished p r io r to etching in o rde r to 

obtain smooth initial sur faces . The polishing solution, which was applied 

at 80°C, was composed of 10 ml HC H O , 10 ml H PO ., 20 ml HNO , 



and 0. 004 to 0. 04 g e a c h of NaNO^ and N H . C l . The d i s l o c a t i o n e t chan t 
3 4 

so lu t ion w a s coianposed of 20 m l s a t u r a t e d a q u e o u s F e C l , 20 m l H C l , 5 m l 

H C - H O , a n d 5 to 10 d r o p s B r _ . Af te r e t c h i n g , t he s p e c i m e n w a s r i n s e d 
2 3 2 L 

with NH .OH to r e m o v e Cu^O f i l m s . 
4 2 

The v i s u a l o b s e r v a t i o n s m a d e with a b i n o c u l a r m i c r o s c o p e a f t e r 

v a r i o u s p e r i o d s of e t ch ing showed t h a t the i r r a d i a t e d s p e c i m e n s deve loped 

e t c h p i t s a t a s l i gh t ly g r e a t e r r a t e t han d id the u n i r r a d i a t e d s p e c i m e n s . 

The two p a i r s of p h o t o m i c r o g r a p h s g iven in F i g . 19 i l l u s t r a t e t h i s p h e n o m e n o n . 

In t h e u p p e r p a i r , t a k e n a t lOOOX a f t e r 80 s ec of e t ch ing , t h e t r i a n g u l a r 

c h a r a c t e r of the d i s l o c a t i o n e t ch p i t s i s c l e a r l y v i s i b l e . In the l o w e r p a i r , 

t a k e n by the d a r k - f i e l d m e t h o d a t lOOOX a f t e r 80 s ec of e t c h i n g , t he e t ch 

p i t s a p p e a r to h a v e fully o v e r l a p p e d to c o v e r the m a j o r i t y of the s p e c i m e n 

s u r f a c e , a n d the g r o s s e r c h a r a c t e r of the p i t t i ng of the i r r a d i a t e d s p e c i m e n s 

i s c l e a r l y v i s i b l e . 

A p l a u s i b l e exp l ana t i on for t h e o b s e r v a t i o n t h a t the i r r a d i a t e d c r y s t a l s 

d e v e l o p e t c h p i t s m o r e r a p i d l y than the u n i r r a d i a t e d c r y s t a l s i s b a s e d on 

the fac t t h a t the point de f ec t s i n t r o d u c e d by i r r a d i a t i o n a r e m o b i l e in c o p p e r 

a t r o o m t f m p e r a t u r e . C o n s e q u e n t l y , by m o v i n g to e x i s t i n g d i s l o c a t i o n 

l i n e s the de f ec t s wi l l p r e c i p i t a t e on the d i s l o c a t i o n s and t h u s r a i s e the l ine 

e n e r g y and i n c r e a s e the c h e m i c a l r e a c t i v i t y of the d i s l o c a t i o n c o r e a t the 

c o r r o d i n g s u r f a c e . The following m e a s u r e m e n t s of the h a r d n e s s of the 

s p e c i m e n s c o n f i r m tha t r a d i a t i o n - h a r d e n i n g took p l ace a t t he r a d i a t i o n 

d o s e e m p l o y e d : 

U n i r r a d i a t e d I r r a d i a t e d 

S p e c i m e n s S p e c i m e n s 

H a r d n e s s n u m b e r s 40 . 8 44 . 2 

D i a m o n d - p y r a m i d h a r d n e s s s c a l e 4 1 . 8 4 5 , 0 

The nex t s t ep in the i n v e s t i g a t i o n of d i s s o l u t i o n p r o c e s s e s involved 

the u s e of the e l e c t r o p o l i s h i n g m i c r o s c o p e shown in F i g . 20 to o b s e r v e the 

s u r f a c e of the s p e c i m e n d u r i n g the d i s s o l u t i o n p r o c e s s . The a i m of t h i s 

w o r k w a s to ob ta in f u r t h e r e v i d e n c e for the e x i s t e n c e of l o c a l r a d i a t i o n -
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Fig. 19--Etch-pi t pat terns produced on (111) face of single c rys ta l s of 
copper after 80 sec of etching with an etchant developed for preferent ia l 
etching of dislocation core; (top) bright-field illumination, (bottom) 

dark-field illumination; lOOOX 
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Fig. 20 - -Ze i s s electropolishing microscope used for 
d i rec t observat ions of specimen surface during 

dissolution; circulating pump and solution 
manifold a re also shown 

activated anode a r e a s . 

By using the Zeiss electropolishing microscope (at 21 OX), the surface 

of a specimen can be directly observed while a solution is pumped over the 

specimen at a controlled ra te . An electropolishing potential may be applied 

to the specimen if desired. The initial studies were made using poly-

crystal l ine copper specimens and solutions of Fe(NO-) , and FeCl_. The 
5 5 5 

copper specimens were annealed in vacuum at 900°C, and half of the 
1 Q 

specimens were subjected to an i r radia t ion of nvt = 2. 7 x 10 neutrons cm 

in the Brookhaven reac tor . 

A se r i e s of comparison photographs of annealed and i r rad ia ted 

specimens reacted with M/4 FeCl at 25 tZ C is given in Fig. 21. Owing 

to difficulties in attaining equal flow ra tes in each case, the differences in 

appearance cannot be definitely at tr ibuted to radiat ion effects. The solution 
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F i g . 2 1 - - S u r f a c e s of c o p p e r spec inaens du r ing d i s s o l u t i o n in M / 4 F e C l a t 25 -2 C; 
(top) i r r a d i a t e d c o p p e r , (bot tom) a n n e a l e d c o p p e r (e tching t i m e i s 

shown b e n e a t h e a c h p h o t o m i c r o g r a p h ) ; 210X 



manifold sys tem shown in Fig . 20 has recent ly been set up, and, by means 

of a constant-head gravity-flow sys tem, equal flow ra tes should be achievable 

for further invest igat ions. Another purpose of the solution manifold is to 

permi t chemical cleaning of the specimens followed by the dissolution 

p rocess without an intervening exposure to a i r . 
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Appendix 

METHODS OF IRRADIATION 

The naethods of specimen preparat ion and i r radiat ion were discussed 

in the previous summary report (see Ref. 1). In view of the mobility of the 
(22) 

point defects produced in meta l s during i r radia t ion, it was felt desi rable 

to establ ish some simple monitoring technique to provide an independent 

measure of the extent of radiation effects retained in the ma te r i a l s after the 

thermal t rea tment involved in the surface-react ion exper iments . In the 

ea r l i e r work, measu remen t s of hardness served this purpose; however, 

hardness measuremen t s a r e to some extent destruct ive in the sense that 

the dislocation and grain s t ruc tures of the specimens a r e disturbed. 

The e lec t r ica l res is t iv i ty of meta l s is highly sensitive to c rys ta l defects 
(22) 

produced by radiation, and measuremen t s of this proper ty can be made 

conveniently and nondestructively. The i r radia t ions current ly in p rogress 

have therefore included coiled wire moni tors p repared from the same m a t e ­

r ial as the specimens. The coils a re wound on alumina co res , as shown in 

Fig. 22, and tabs a re provided for attaching e lec t r ica l leads without d i s tu rb­

ing the coil p roper . The res i s t ances a r e of the o rder of 1 ohm, and the 

measurenaents a r e made on a Wheatstone bridge of high sensitivity. 

Fig. 22--Resis tance moni tors for i r radia t ion 
exper iments ; (left) iron, (right) nickel 
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