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T h e  d a ta  o n  th e  h ig h -tem p era tu re  in tern a l fr ic tio n  o f  z irco n iu m  an d  z irco n iu m  a llo y s  are rev iew ed  an d  n ew  resu lts  on  
zirco n iu m  an d  Z ir ca lo y -4 . m easu red  at lo w  an d  at in ter m ed ia te  freq u en c ies , are p resen ted . It is sh o w n  th at th e d a m p in g  
sp e ctru m  o f  p u ré  z irco n iu m , for  a n n e a led  p o ly cr y sta ls , sh o w s  a p eak  p ro b a b ly  re la ted  to  re la x a tio n  o f  gra in  or su b gra in  
b o u n d a r ie s . T h e  d a ta  o n  Z ir ca lo y -4  sh o w  tw o  p eak s: o n e  n ear th e  g ra in -b o u n d a r v  p eak  in  th e puré m eta l an d  a n o th e r  o n e  at a 
h igh er  'te m p e ra tu r e . P o ss ib le  m ech a n ism s for th ese  p ea k s  are d iscu ssed . F in a lly , th e  h ig h -tem p era tu re  in tern a l fr iction  
b a ck g ro u n d  o f  z irco n iu m  an d  z irco n iu m  a llo y s  is  a n a ly ze d  a n d , for Z ir ca lo y -4 , th e  ap p a ren t a c t iv a t io n  e n th a lp y  is fo u n d  to  be  
re la ted  to  th e gra in  size .

1. Introduction

In tern a l friction  m easu rem en ts have been used to 
o b ta in  in fo rm a tio n  on the in te rac tio n  betw een p o in t 
d e fec ts and  betw een  d isloca tions an d  im purity  atom s. 
T h is  in fo rm atio n  is very useful for u n d e rstan d in g  
stra in -ag in g  p h en o m en a  in m etáis an d  alloys.

Several peaks on the h ig h -tem p era tu res in te rn al fric­
tion  (H T IF ) o f z ircon ium  an d  z ircon ium  alloys have 
been  rep o rted . Som e o f these m axim a are  p ro d u ced  by 
s tress-induced  reo rien ta tio n  of in te rstitia l an d  in te rsti- 
t ia l-su b s titu tio n a l com plexes, M ishra  and  A sundi [1,2], 
stu d ied  the in fluence o f O  an d  N su b stitu tio n a l im p u r­
ity  a to m  com plexes on  the H T IF  of Z r. F o r all the 
a lloy ing  e lem ents, O  gave tw o peaks, the relative inten- 
sity  d ep en d in g  upo n  the  co n cen tra tio n  of O. In the  case 
o f N , on ly  a lloying e lem ents larger in a tom ic  size than  
Z r gave in te rn al friction  peaks. F u rth e rm o re , aging 
experim en ts, a t 833 K in Z r-0 .2 5  at% G d , ind icated  
th a t the  high tem p era tu re  n itrogen  peak  increased  with 
increasing  aging tim e. T h is m ight occur by rep lacem ent 
o f O  atom s, a ro u n d  the substitu tio n a l a tom , by  N. 
S im ilar effects w ere also no ticed  in Z r -S n  alloys. In 
a d d itio n , various au th o rs  [3 -7 ] have rep o rted  in te rnal 
friction  peaks p ro d u ced  by the stress-induced  diffusion

o f O  in the  Z r la ttice  an d  these resu lts have been 
review ed by R itchie  and  A tren s [8]. B ungard t et al. [9], 
stu d ied  the H T IF  o f Z r - N  alloys. It was found  th a t the 
in tro d u c tio n  of N  in to  the Z r wires reduced  the  H T IF  
an d  sm all hu m p s w ere observed betw een  room  tem pera- 
tu re  an d  973 K.

A d d itio n a l m axim a, p ro d u ced  by various m echa­
nism s, have been also  observed on the  H T IF  of 
z ircon ium  an d  zircon ium  alloys: a  m áxim um  a ttr ib u te d  
to  the a llo tro p ic  tran sfo rm a tio n  [10,11], a  second one 
a ttr ib u te d  to  g ra in -b o u n d a ry  re laxation  [1-3 ,5 ,12] and  a 
th ird  one a ttr ib u te d  to therm ally  assisted  u n p in n in g  of 
d is loca tions from  0 in te rstitia ls  [12,13], T he location  
an d  m ag n itu d e  of the  last peak is strongly  am plitude- 
d ep en d en t an d  the g ra in -b o u n d a ry  peak  was fo u n d  to 
be  d ep en d en t on  the  g rain  size [10,11], the im purity  
c o n te n t [1 -3 ,9 -1 1 ,1 4 ] an d  the s tru c tu re  o f the speci- 
m ens [1,2].

T he am p litu d e  depen d en ce  o f H T IF  of iodide-re- 
fined  Zr(2.4%  H f) an d  Z r - O  was s tud ied  by  B row ne [4], 
A t all tem pera tu res , oxidized Z r specim ens exib ited  
a m p litu d e -d ep en d en t in te rnal friction , w hich w as no t 
rem oved by fu rth er annealing . T his in te rn al friction  was 
a lso  tim e-dependen t. R itch ie  et al. [6] found  an  anom a- 
lous tim e-dependen t and  stra in -am p litu d e -d ep en d en t
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d am ping , in a Z r single crysta l w ith low oxygen con ten t, 
in the  tem p era tu re  range from  am b ien t to  623 K. A trens 
[15 -17], rep o rted  som e d am p in g  versus stra in  d a ta  in 
Z r - O  alloys, betw een 300 and  app ro x im ate ly  700 K. 
T h e  valid ity  o f the in te rp re ta tio n  given by the  a u th o r  to 
these  results has been  d iscussed  by  Povolo [18,19]. 
F e rn an d ez  an d  Povolo  [13], stud ied  the  am plitude-de- 
p e n d en t d am p in g  and  m odu lus defect o f h igh -purity  
po lycrysta lline  z ircon ium  an d  Z ircaloy-4 , betw een room  
tem p era tu re  and  ap p ro x im ate ly  800 K. T he dam p in g  
versus stra in  curves cou ld  be  described  by  the  super- 
p o sitio n  o f th ree  m echanism s acting  a t low, in te r­
m ed ía te  an d  high stra in s  respectively. R itch ie  and 
S p ru n g m an n  [12], have stud ied  recen tly  the  am p litu d e  
a n d  tem p era tu re  dep en d en ce  of the H T 1F of a -Z r  single 
a n d  polycrysta ls. T he dam p in g  spec tra  w ere resolved 
in to  five peaks: one  peak  due  to  therm ally  assisted  
u n p in n in g  o f d isloca tions, tw o peaks associated  w ith 
lo n g itu d in a l and  transverse  red is trib u tio n  o f O in te rsti- 
tia ls on d isloca tions, a peak  associated  w ith special 
d islo ca tio n  s tru c tu res  and  a g ra in -b o u n d ary  peak. A lso 
a b ack g ro u n d  was observed  th a t increased  exponen tia lly  
w ith  tem pera tu re .

B edford  et al. [20] rep o rted  in te rn a l friction  and  
e lec tró n  m icroscope stud ies in h ig h -purity  Z r (50 ppm  
O ) an d  Z r -5 0 0  p p m  O, a t tem p era tu res  betw een  290 
a n d  873 K. A tran s itio n  from  logarithm ic  to nonloga- 
rith m ic  decay  of the to rsional v ib ra tio n s w as found , at 
all tem pera tu res , fo r special d isloca tion  struc tu res. T hese 
changes in the d am p in g  could  no t be  a ttr ib u te d  to 
g ra in -b o u n d a ry  re laxation  since the g rain  size w as large 
c o m p ared  w ith the  d iam e te r o f  th e  wire. It w ould  ap- 
p e a r th a t the  k ind  o f subgra in  b o u n d a rie s  w hich un- 
d e rg o  stress-re laxa tion  are d isloca tions in tang led  walls. 
F o r  fully polygonized b o u n d a rie s  the d am p in g  is 
strong ly  reduced  a n d  no re laxation  is observed.

A n analysis o f the resu lts on  the  H T 1F of z ircon ium  
a n d  z ircon ium  alloys, rep o rted  in the  lite ra tu re , show s 
th a t the  in te rp re ta tio n  o f the  observed b ehav io r is still 
con troversial. Som e new  d a ta , taken  in z ircon ium  and  
Z ircaloy-4  a t low an d  a t in te rm ed ía te  frequencies, will 
be  p resen ted . T he resu lts will be  d iscussed  in the fram e- 
w ork o f cu rren t theories fo r h ig h -tem p era tu re  dam ping .

2. Experimental procedure

T he specim ens w ere p rep ared  from  z ircon ium  and  
n u c lear g rade  Z ircaloy-4 , supplied  by  T eledyne W ah 
C hang , A lbany . T he chem ical com positions supp lied  by 
th e  m an u fac tu re r are  given in tab les 1 an d  2. P rio r to 
th e  in te rn al friction  m easurem ents, all the  specim ens

T a b le  1
M a in  im p u r itie s  in z irco n iu m  (in  p p m )

A l <  35
C 75
Cr 63
H f 53
F e 4 9 0
O 1050
M n <  25
N i < 3 5
N 45
Si <  40
T i <  25
W <  25

w ere an n ea led  for 1 h a t 1023 K in high vacuum . A 
s tra in -an n ea lin g  trea tm en t was given to som e o f the 
Z ircaloy-4  specim ens to increase the grain  size. T his 
trea tm en t consisted  o f p re -s tra in in g  the  specim ens by 
d iffe ren t am o u n ts  a t room  tem p era tu re  an d  a  subse- 
q u e n t an n ea lin g  for ten  days a t 1063 K. in argón  a tm o- 
sp h ere  to  avo id  co n tam in a tio n . T his trea tm en t will be 
ind ica ted  as “ g rain  g ro w th ” .

T w o types o f p en d u lu m  were used for the in te rn al 
fric tion  m easurem ents:

(a) A low -frequency K e’s type inverted  pendu lum  
w ith  a frequency  o f the o rd er o f 1 s - 1 . T he in te rn al 
fric tion  was o b ta in ed  from  the decay  o f the oscilla tions, 
registered  by  m eans o f a p h o to d io d e  on the screen o f an 
oscilloscope w ith m em ory. T ypically , m áxim um  stra in  
am p litu d es betw een  3 X 10“ 5 and  8 x  10“ 6 w ere ob-

T a b le  2
C o m p o s it io n  o f  Z ir ca lo y -4  (in  %)

Sn 1.41
F e 0 .1 9
C r 0.1

M a in im p u r itie s  ( in  p p m )

C 135
H f 60
N 45
A l 35
N i 19
Si 28
T i 18
W <  25
O 980
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ta in ed  on the surface  of the specim ens d u rin g  free 
decay.

(b ) A n au to m a tic  pen d u lu m  w ork ing  a t in te rm ed íate  
frequencies, o f the  o rd e r o f 70 s _1. T his equ ipm en t 
a llow s m easu rem en ts o f the  d am p in g  at co n stan t m áxi­
m um  stra in  am p litu d e  and  the in te rn al friction  versus 
tem p era tu re  is reco rded  au tom atica lly . In  th is type of 
p en d u lu m , the in te rn a l friction  is recorded  in term s of 
th e  energy requ ired  to  m ain ta in  a  given oscilla tion  am ­
p litu d e . Since th is energy is p ro p o rtio n a l to  f ~ 2 the 
reco rd ed  in te rn a l friction  versus tem p era tu re  can  be 
d is to rted  if the  oscilla tion  frequency changes consider- 
ab ly  w ith the  tem p era tu re . A special featu re  o f  the 
p en d u lu m  used is th a t th is effect is co rrec ted  a u to m a ti­
cally  so th a t an u n d is to rted  reco rd ing  of the d am p in g  
versus tem p era tu re  is ob ta in ed . T he de ta ils  o f the 
p en d u lu m  are  given elsew here [21].

F inally , tw o types o f specim en were used fo r the 
m easu rem en ts a t low  frequencies: w ires o f 1 m m  diam e- 
te r  and  sheets 0.4 m m  thick an d  4 m m  wide. W ires with 
2 m m  d iam ete r w ere used for the  m easu rem en ts at 
in te rm ed ía te  frequencies.

3. Results

Fig. 1 show s the  H T IF  o b ta in ed  in Z r w ires a t low 
a n d  at in te rm ed ía te  frequencies. It is seen th a t a  well- 
d e fin ed  peak , w hich shifts w ith a change  in  frequency, is 
p resen t. T he average g rain  size o f the as-received 
m ate ria l w as o f the o rd er o f 20 jum (m easured  acco rd ing  
to  A STM  E 112 stan d ard s). F o r the  curve o b ta in ed  at 
low  frequencies, a fte r the an n ea lin g  trea tm en t, the

7 0 0  8 0 0  9 0 0  1000  
T(K)

F ig . 1. H T I F  o f  z irco n iu m  w ires: (a ) lo w , an d  (b ) in ter m ed ía te  
freq u en c ies . B o th  cu rves  w ere  o b ta in e d  o n  co o lin g .

specim en was located  in to  the  p en d u lu m  an d  heated  at 
a ra te  o f 275 K h ' 1. T he in te rn a l friction  curve was 
m easu red  on  coo ling  a t an  average ra te  o f  68 K h _ l . 
T h e  final g ra in  size was found  to  be  inhom ogeneous, 
w ith  an  average size o f 40 fim  a t the  cen ter o f the 
c ross-section  of the  w ire an d  150 (im  at the  periphery .

F o r the curve a t in te rm ed ía te  frequencies, the speci­
m en had  an  ad d itio n a l an nea ling  trea tm en t a t 1073 K 
fo r I  h. A fte r this, it w as located  in to  the  p endu lum , 
hea ted  a t 240 K h~ 1 an d  the in te rn al friction  curve was 
m easu red  on  coo ling  a t a  ra te  o f 75 K h _ l . T he final 
g ra in  size, m easured  a t the c ross-section  o f the wire, was 
fo u n d  to  be un ifo rm  w ith an  average size o f 90 /im .

Fig. 2 show s the  H T IF  o f a Z ircaloy-4  w ire m easured  
a t in te rm ed ía te  frequencies. T he d a ta  w ere o b ta in ed  on 
h ea tin g  and  on cooling, a t a ra te  o f  80 K h _ l . T he 
d a m p in g  spec tra  w ere rep roducib le  e ither on  heating  o r 
on  cooling and  the average g rain  size rem ained  stable, 
e ith e r du rin g  the an n ea lin g  or d u rin g  the  in te rn al fric­
tion  m easurem ents, a t 19 ¡um.

Fig. 3 show s the  in fluence o f the  g rain  size on  the 
H T IF  spec tra  o f Z ircaloy-4  w ires a t low frequencies. 
C urve  (a) was o b ta in ed  from  an as-received specim en, 
w ith  an  average g rain  size o f 13 jam. C urves (b) an d  (c) 
w ere m easured  on  specim ens sub jected  to  a  grain  grow th 
trea tm en t. T he average g rain  size o f the specim en for 
cu rve  (b) was 34 |um an d  th a t for curve (c) 88 (im . AU 
the  d a ta  w ere o b ta in ed  on  cooling, at a  ra te  o f 70 K 
h ” '.

O n  im proving  the sensitiv ity  o f the pen d u lu m , two 
sm all peaks could  be  resolved in the  H T IF  sp ec tra  of 
Z ircaloy-4  a t low frequencies. T h is is show n in fig. 4  for

T(K)

F ig . 2 H T IF  o f  a Z ir ca lo y -4  w ire at in ter m ed ía te  freq u en cy . 
T h e  c h a n g es  in  th e re so n a n t freq u en cy  o f  th e p en d u lu m  w ith  
tem p era tu re  an d  th e re so n a n t freq u en cy  at th e  p eak  lo c a tio n ,  
/ p . are  a lso  in d ica te d .
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T (K) —*

F ig . 3. H T I F  o f  Z ir c a lo y -4  w ires at lo w  freq u en c ies , for d iffer -  
en t  gra in  size s, d \  (a ) d  =  13 ¡ im ,  (b ) d  =  34  jim , an d  (c ) d  =  88  
| i m .

a sheet cu t w ith the  axis paralle l to  the  rolling  d irection . 
T h is sheet w as an n ea led  a t 1013 K. for 1 h, located  in to  
the  p en d u lu m  and  m easu red  on  cooling  a t a ra te  o f 70 
K  h _ l . T he average g rain  size a fte r  the m easu rem en t 
w as 33 jum. S im ilar resu lts w ere o b ta in ed  on w ires 
m easu red  a t the sam e frequency.

A n im p o rta n t d ifference  betw een the  H T IF  o f Z r 
an d  Z ircaloy-4  is th a t the  d am p in g  o f the  a lloy  is 
rep ro d u c ib le  e ith e r on  heating  or on  cooling. T h is is no t 
the  case fo r the z ircon ium  specim ens w here the grain

700  8 0 0  9 0 0  1000  
T (K)

F ig . 4 . H T I F  o f  a Z ir ca lo y -4  sh e et w ith  an  average gra in  s ize  o f  
33  jiim, m easu red  at lo w  freq u en cies .

T IK )

F ig . 5. H T IF  o f  a z irco n iu m  w ire , at in ter m ed ía te  freq u en c ies , 
m easu red  o n  h ea tin g  an d  o n  co o lin g .

size is changing  d u rin g  the  m easurem ent. T h is is show n 
in fig. 5 for an  an n ea led  z ircon ium  specim en m easured  
on heating  an d  on cooling , a t in te rm ed ía te  frequencies.

T he d ifferen t peaks p resen t e ith e r in the  pu ré  m etal 
o r  in the alloy, a t in te rm ed ía te  o r a t low frequencies, are 
sum m arized  in fig. 6. O nly  one peak, called  P,, is p re ­
sen t in z ircon ium  an d  tw o peaks, called  P¡ and  P j, have 
been  observed  in zircaloy-4. T he peak  a t the h igher 
tem p era tu re , P2 , cou ld  no t be de tected  a t in te rm ed íate  
frequencies due  to the  fact th a t it is p ro b ab ly  m asked by 
the  h ig h -tem p era tu re  b ackground . T he peaks w ere sub- 
trac ted  from  the to ta l d am p in g  by assum ing  an 
ex p o n en tia l increase  o f the  h ig h -tem p era tu re  b ack ­
g ro u n d  w ith tem p era tu re , i.e. the in te rn a l friction  was 
p lo tte d  as log Q ~ ' versus \ / T  and  a stra igh t line was 
d raw n  th rough  the d a ta  below  an d  above the peaks. 
T h is is show n, for exam ple, by the increasing  b roken  
curves o f figs. 2 an d  4.

T h e  activation  en th a lp ies  an d  the  re laxation  tim es 
o b ta in ed  from  a sh ift o f the peaks w ith a change in

TIK)

F ig . 6 . In tern a l fr ic tio n  p ea k s, at in ter m ed ia te  and  at low  
freq u en c ies , o n  th e  H T I F  o f  z irco n iu m  an d  Z irca lo y -4 .



T a b le  3
C h a r a c ter istic s  o f  th e in tern a l fr iction  p ea k s  o b se rv ed  in  z irco n iu m  an d  Z ir ca lo y -4 . Tp is th e p eak  tem p era tu re  an d  f p th e  freq u en cy  at 

th e  p eak .
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M ater ia l Peak

ty p e
T,p 
(K.)

^  | 
(s  )

A H

(k j  m ol)
Tu
( S ' 1)

Z r p. 822 0.67
280 + 30 2.3X 10“ (l8±2)

Pl 926 71.1
Z irca lo y p; 876 0.632
(w ire) 320 ± 3 0 1.3 x  10~(19± 21

p; 982 70.0

P2 977 0.582
Z ir c a lo y -4 p; 874 0.714
(s h e e t) pí 969 0.665

frequency  are  given in tab le  3. It was no t possib le  to 
m easu re  the  ac tivation  en th a lp y  an d  the  re laxation  tim e 
fo r peak  Pj in Z ircaloy-4  due to the fact th a t it could 
n o t be resolved at in te rm ed ía te  frequencies.

F inally , it m ust be  p o in ted  ou t th a t som e sm all and  
rep ro d u c ib le  peaks cou ld  be observed in Z ircaloy-4  
below  ab o u t 700 K. T hese  are  p ro b ab ly  due  to  in te rsti- 
tial su b stitu tio n a l o r in te rs titia l—in terstitia l com plexes 
a n d  will no t be discussed in this paper.

3. Discussion

A s show n in fig. 6, the H T IF  o f z ircon ium  reveáis 
o n e  in te rn al friction  peak, P ,, bo th  a t low and  a t in te r­
m ed ía te  frequencies, w hich has been rep o rted  by several 
au th o rs . T he peak has been generally  a ttr ib u te d  to 
g ra in -b o u n d a ry  re laxation , since it is strong ly  reduced  
by  increasing  the g rain  size o f the  specim ens. In fact, 
B u ngard t a n d  P re isendanz  [11] have show n th a t the 
p eak  d isap p eares a t large g rain  sizes.

R itchie  an d  S p rungm ann  [12], how ever, have in ter- 
p re te d  peak  P, (nam ed  P2 by them ) as due  to  the 
stress-assis ted  red is trib u tio n  o f oxygen in te rstitia ls  along 
d isloca tions, by  lo n g itud inal core d iffusion . T heir co n ­
c lusión  is based m ainly  on  two argum en ts: first, th a t a 
sm all peak  was de tected  in a slightly  defo rm ed  zirconium  
single crystal, so th a t g ra in -b o u n d a ry  re laxation  is not 
involved and , second, th a t the  peak can  be qualita tively  
a n d  q u an tita tiv e ly  exp la ined  by the W inkler-G niew ek et 
al. [22] theo ry  o f stress-ássisted  therm ally  activated  core 
re d is tr ib u tio n  of p o in t defects.

It m ust be p o in ted  ou t th a t R itch ie  and  S prungm ann  
o bserved  generally  on ly  one  m áxim um , above ab o u t 673

K, on  the H T IF  o f z ircon ium , w ith loca tion  and  shape 
s trong ly  d ep en d en t on  the  therm om echan ical trea tm en t 
given to  the specim ens. Som etim es, a second  m áxim um , 
a lso  observed by  G acougno lle  and  associates [3,5,23], 
cou ld  be p a rtia lly  resolved from  the H T IF  spectrum .

T he five in te rn al friction  peaks rep o rted  by R itchie 
a n d  S p rungm ann  w ere o b ta in ed  by  decom posing  
g raph ically  the  to ta l d am p in g  and  the analysis o f the 
am p litu d e  depen d en ce  o f the  H T IF , an d  consequently  
fo r the P ¡/ P2 com plex, has been pe rfo rm ed  on  d am p in g  
versus s tra in  d a ta  m easured  by free decay, a t various 
tem pera tu res .

A s d iscussed  by Povolo [24], w hen the in te rn a l fric­
tio n  is am p litu d e -d ep en d en t the  logarithm ic  decrem en t 
can  give a severely d is to rted  im age o f the real d am p in g  
b ehav io r o f the m ateria l. F u rth e rm o re , it was show n 
th a t peak  P, is no t described  q u an tita tiv e ly  by the 
W inkler-G niew ek et al. theory , as a d m itted  by R itchie 
a n d  S prungm ann . T hese seem  to  invalídate  the  in te rp re ­
ta r o n  of the  H T IF  of z ircon ium  suggested by R itchie  
a n d  Sprungm ann .

In sum m ary , one  can  safely State that, besides the 
p eak s due  to  in te rstitia ls  o r in te rs titia l-su b s titu tio n a ls  
o r in te rs ti tia l- in te rs ti tia l  com plexes, rep o rted  in Refs. 
[1 -4 ] and  [5 -7 ], tw o m ain  peaks seem  to  be p resen t on 
the  H T IF  o f z ircon ium : a peak  due  to  therm ally  assisted 
u n p in n in g  o f d is loca tions from  oxygen atom s, rep o rted  
fo r the first tim e by F e rn an d ez  an d  Povolo [13] and 
n am ed  P0 by  R itchie  an d  S p ru n g m an n  [12],

A second peak, i.e. P, o f  figs. 1, 5 and  6, occurs at 
h igher tem pera tu res , w hich is strong ly  d ep en d en t o n  the 
th erm om echan ical trea tm en t given to  the specim ens and  
on com position . T h is peak  seem s to  be  am plitude-de- 
p en d en t an d  in p u ré  z ircon ium  the  peak  height and
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loca tion  are  no t rep ro d u c ib le  d u rin g  successive m ea- 
surem ents.

T he activation  en th a lp y  an d  p a rticu la rly  the relaxa- 
tion  tim e, fo r this peak , vary acco rd ing  to  the d ifferen t 
au th o rs . T h e  valúes rep o rted  in tab le  3 w ere o b ta in ed  by 
a  change  in  frequency  of tw o o rders o f m agnitude. This 
reduces the  erro rs in tro d u ced  in the  d e te rm in a tio n  of 
A H  an d  r0 , since on ly  changes in the oscilla tion  
frequency  low er th an  one o rd e r o f m ag n itu d e  w ere used 
p rev iously  in the  lite ra tu re . F u rth e rm o re , a  p lo t o f l o g /p 
versus Tp x in lu d in g  the d a ta  o f refs. [3] and  [11] and  
those  for peak  P, show n in fig. 6, give a stra ig h t line. A 
least-squares fitting  to  the  experim ental p o in ts  leads to

A H  =  (270 +  30) k j m o l" 1, r0 =  1.5 X  1 0 - (l8±2)s

(O
w ith  a co rre la tio n  coefficient o f 0.995. T hese  valúes are 
o f the o rd er o f those  given in tab le  3, w ith in  ex perim en­
tal errors.

Eq. (1) gives the m ore reliable p a ram ete rs  for peak  P, 
in an n ea led  z ircon ium  polycrystals. It m ust be p o in ted  
o u t, however, th a t these valúes shou ld  be taken  w ith 
c au tio n  since the H T 1F spec trum  of z ircon ium  is am pli- 
tu d e-d ep en d en t, as show n by  the in te rn a l friction  versus 
s tra in  am p litu d e  curves rep o rted  by  F e rn an d ez  and  
Povolo  [13] an d  R itch ie  a n d  S p ru n g m an n  [12]. W e 
believe th a t peak  P ,, generally  a ttr ib u te d  to  grain- 
b o u n d a ry  re laxation , is p ro d u ced  by  d isloca tion  m ove- 
m en ts o ccurring  a t the  g rain  o r su b gra in  boundaries. 
T h is  w ould exp lain  the  fact th a t the  peak shape  and  
loca tio n  a re  strongly  d ep en d en t on  the  m orpho logy  of 
th e  grains o r subgrains, as rep o rted  by M ish ra  and  
A su n d i [2], and  th a t a sm all peak  was de tected  in 
slightly  defo rm ed  single crystals [12],

O n e  in teresting  p o in t is th a t the activ a tio n  en th a lp y  
given by eq. (1) is sim ilar to  the  ap p a re n t activation  
e n th a lp y  m easu red  d u rin g  creep  ex p erim e n ts  in 
z ircon ium  a n d  zircon ium  alloys [25-28], a t tem p era tu res 
above ab o u t 673 K.. T he creep b ehav io r above this 
tem p era tu re  seem s to  be  co n tro lled  by m echanism s in- 
volving jo g -d ra g , co n tro lled  by d iffusion .

Several d iffu s io n -co n tro lle d  d is lo ca tio n  m odels 
[2 9 -3 1 ] have been p ro p o sed  in the lite ra tu re  to  explain  
th e  in te rn al friction  peaks on  the H T 1F of m etáis and  
alloys. T hese  m odels, how ever, c an n o t be used to  m ake 
a  q u a n tita tiv e  analysis o f  peak P, un til a system atic  
s tudy , includ ing  the in fluence of the  s tra in  am plitude , 
the  g ra in -b o u n d a ry  co n fig u ra tio n , the  im purity  con ten t, 
e tc ., on  the H T IF  o f z ircon ium  has been  perform ed.

T h e  in te rn a l fric tion  versus s tra in  am p litu d e  curves 
fo r Z r an d  Z ircaloy-4  rep o rted  by F e rn an d ez  and  Povolo

[13], for exam ple, show  an a b ru p t change  fo r tem pera- 
tu res  above ab o u t 673 K. T h is m ight be an  in d ica tio n  of 
a  tran s itio n  from  g lide-contro lled  to  d iffusion-con- 
tro lled  d isloca tion  m ovem ents.

As show n in fig. 6, tw o peaks have been observed, at 
least a t low frequencies, on  the H T IF  o f Z ircaloy-4. 
A ccord ing  to  tab le  3, the lo w est-tem pera tu re  peak , P¡, 
ten d s to  give a h igher activation  en th a lp y  and  a lower 
re lax atio n  tim e th an  peak P, in the  pu ré  m etal, even if 
th e  ch aracteris tics a re  sim ilar, w ith in  experim en tal error. 
F u rth e rm o re , peak  P¡ in the alloy is located  a t a h igher 
tem p era tu re .

It was n o t possib le  to m easure  the ch aracte ris tics o f 
p eak  P j, o ccu rring  a t h igher tem p era tu res  (fig. 6), d u e  to 
the  fact th a t th is peak  is m asked by the h igh-tem pera- 
tu re  b ack g ro u n d  a t in te rm ed ía te  frequencies an d  it was 
on ly  resolved a t low  frequencies. It m ight be possib le 
a lso  th a t th is peak was no t observed  a t in te rm ed íate  
frequencies d u e  to a  d iffe ren t co n d itio n  o f the specim en 
used  (fo r exam ple, the  g rain  size). It m ust be  po in ted  
o u t th a t a lso d iffe ren t m easuring  techn iques w ere used: 
free decay  a t low frequencies and  co n stan t am p litu d e  at 
in te rm ed ía te  frequencies. A com parison  shou ld  be  m ade 
b etw een  peaks P¡ an d  P¿ o b ta in ed  in Z ircaloy-4, a n d  the 
in te rn a l friction  peaks rep o rted  by M ishra  an d  A sundi 
[1,2] for several su b s titu tio n a l an d  in te rstitia l so lu tes in 
z ircon ium . T he m ain  alloying e lem ents p resen t in 
Z ircaloy -4  a re  Sn, Fe and  Cr, tab le  2. M ishra  and 
A su n d i rep o rted  several peaks due  to  su b s titu tio n a l Sn 
o r Fe and  in te rstitia l O o r N  com plexes in Z r, as show n 
in tab le  4. T he au th o rs  have no t stu d ied  the in fluence of 
C r b u t its a tom ic  volum e is sim ilar to Fe, so th a t 
in te rn a l friction  peaks located  in the  sam e p ositions as 
fo r F e -in te rstitia l com plexes shou ld  be  expected . A 
c o m p ariso n  of tab les 3 an d  4 show s th a t peak  P¡( Tp =  
876 K, / p =  0.63 s ~ ' )  cou ld  be assum ed to  be p ro d u ced  
by Z r - S n - O  com plexes ( Tp =  900 K, f p < l s “ ').

T he activation  en th a lp ies  and  the  peak  heights are 
q u ite  sim ilar and  the  Z ircaloy-4  used co n ta in s 1.1 at% 
Sn an d  0.6 at% O. T he p ro b lem  is th a t the peak due  to 
Z r - S n - O  com plexes is a D ebye type peak, as show n by 
th e  co inc idence  betw een  the activation  en th a lp ies m ea­
su red  th rough  a  change  in frequency  and  from  the  peak  
w id th , tab le  4. Peak P¡, on  the  co n tra ry , is m uch w ider 
th an  a  D ebye peak , w ith a re laxation  tim e m uch lower 
th an  w hat w ould be  expected  for a tom ic  ju m ps.

W e believe th a t P¡ is re la ted  to  P, p resen t in p u ré  Z r 
a n d  co n tro lled  by sim ilar m echanism s. It is clear th a t 
w ith o u t a  precise  know ledge of the  process o r  processes 
co n tro llin g  peak P, in the  p u ré  m etal it is d ifficu lt to 
give firm  conclusions ab o u t P¡.

In  general, one  o r tw o g ra in -b o u n d ary  re laxation
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T a b le  4
In tern a l fr ic tio n  p ea k s d u e  to  s u b s t itu t io n a l- in te r s t it ia l  c o m p le x e s  in  z irco n iu m , rep orted  by M ish ra  an d  A su n d i [6 ,7), for an  in itia l 
o s c il la t io n  freq u en cy  o f  1.3 s “ (a ) A c tiv a tio n  e n th a lp y  o b ta in e d  from  a ch a n g e  in th e o s c il la t io n  freq u en cy  a n d  (b ) from  th e  p eak  
w id th .

C o m p le x C o n c en tra tio n
(at% )

T p

(K.)
<?p ' A H ( k i  m ol 

(a )
' )

(b)

Z r - S n - O 1(0) 900 4 X 10-3 351 339
Z r - S n - O - O - O 0.22(0) 918
Z r - S n - N 0.4(0) 688 4.4X 10-3 192 163
Z r - S n - N - N - N 0.4(0) 815 259
Z r - F e - O 0.032 an d  0.8 623 2.7 X 10~3 167

(F e )
Z r - F e - O - O - O 0.032 an d  0.8 698 192

(F e )

A ll th e  Z n - S n  a llo y s  c o n ta in e d  0 .5  at% Sn  an d  0 .0 9  at% N . T h e Z r - F e  a llo y s  c o n ta in e d  0 .3  at% 0.

p eak s are observed  in su b stitu tio n a l solid so lu tions, 
d ep en d in g  o n  the co n cen tra tio n  o f the second com po- 
n en t [32]. In  the  base  m etal the  n o rm al g ra in -b o u n d ary  
p eak , called  PM , is observed ; in the  alloy a second peak, 
a t h igher tem p era tu res , is p resen t, w hich increases w ith 
c o n cen tra tio n . T h is is nam ed  SS. A s SS increases PM  
decreases, d isap p earin g  a t high co ncen tra tions . M osher 
a n d  Raj [33], have observed  three  in te rn al friction  peaks 
in  norm al an d  oxidized  C u -G e  an d  C u -S i alloys. O ne 
w as the  n o rm al PM  peak, the second one the SS peak 
a n d  the  th ird  one, o ccu rring  a t the  h igher tem pera tu re , 
w as a ttr ib u te d  to  the in fluence o f G e 0 2 an d  S i0 2 par- 
ticles a t g ra in  b oundaries. All peaks w ere in te rp re ted  as 
d u e  to g ra in -b o u n d a ry  slid ing  w ith elastic  accom oda- 
tion.

Fo llow ing  this line, P, m ight be th ough t as a PM  
peak , P¡ as a SS peak an d  P2 as p ro d u ced  by som e 
p rec ip íta te  a t the g ra in  b oundaries. M enoni et al. [34], 
have recen tly  observed Z r(C r +  F e )2 in te rm etallic  pre- 
c ip ita tes  in Z ircaloy-4 .

T h e  a v a ilab le  in fo rm a tio n  in z irco n iu m  an d  
z ircon ium  alloys is no t enough to d raw  ad d itio n a l con- 
c lusions ab o u t P ,, P¡ and  P2 and  fu rth er w ork is needed. 
F u rth e rm o re , the  d iffe ren t m odels p ro p o sed  for grain 
b o u n d a ry  peaks a re  still con troversia l [35] especially 
w hen the  in fluence o f the  s tra in  am p litu d e  is considered  
[36],

F inally , som e com m en ts will be  m ade on the  high- 
tem p e ra tu re  b ack g ro u n d  found  in the  H T IF  of 
z ircon ium  a n d  zircon ium  alloys. It is generally  assum ed 
th a t the h ig h -tem p era tu re  b ack g ro u n d  can  be described 
by [37]

Q '  = ( A / o 1) e x p ( - A H y/ k T )  (2 )

o r

Q 1 = ( B / T ) exp( — A H v/ k T )  (3 )

o r [38]

Q ] =  ( K / u n ) e \ p (  — n A H v/ k T )  (4 )

w here  A ,  B,  K  and  1) a re  co n stan ts  for a
given specim en, A H V is the  activ a tio n  en th a lp y  fo r self- 
d iffusion  and  is the ang u la r frequency  o f the vibra- 
tions. T he depen d en ce  o f the reciprocal frequency im- 
p lied  by eq. (2) is no t observed in p ractice.

Eq. (4) has been used by R itch ie  an d  S p rungm ann  
[12] to  de te rm in e  n and  A H V from  the h ig h -tem pera tu re  
in te rn a l friction  d a ta  in z irconium , given n =  0.3 and  
A H y =  (308 ±  39)kJ m o l- 1 . F u rth e rm o re , they com ­
p a red  the n and  A H W ob ta in ed  in d ifferen t m etáis and  
alloys [39,40] to confirm  th a t eq. (4) app lied  to  the 
h ig h -tem p era tu re  b ack g ro u n d  o f Z r gives a  reasonab le  
valué  for A H V. A ccord ing  to  eq. (4), a  p lo t o f  log(£?“ '<<>") 
versus T~  1 should  give a s tra ig h t line o f slope n A H v/ k  
= A H / k ,  w here A H  = n A H v is the  ap p a re n t activation  
en th a lp y . In  fact, co changes only slightly  w ith T  so th a t 
a  p lo t o f log Q~  1 versus T~  1 shou ld  give a stra ig h t line 
w ith  the sam e slope.

W e will no t discuss in de ta il the  valid ity  o f eq. (4) to  
d e te rm in e  A H V from  the  experim en tal h ig h -tem p era tu re  
back g ro u n d , since th is will be do n e  in a n o th e r publica- 
tion  [41], b u t in z ircon ium  an d  z ircon ium  alloys it was 
fo u n d  th a t the  p lo ts  o f log Q ~ '  versus T ~  1 w ere no t 
linear. S im ilar resu lts w ere o b ta in ed  by  p lo ttin g  
l o g ( 0 - T )  versus T ~ \  as suggested by eq. (3).

Figs. 7 an d  8 show  log Q ~ 1 versus T ~ 1 p lo ts  for 
z ircon ium  an d  zircon ium  alloys. T o  avoid  any  influence
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- L . 1 0 3 K '1

F ig . 7. H ig h -te m p e ra tu re  b ack g ro u n d  for  z irco n iu m : (a ) s in g le  
cr y sta l, (b ) sp e c im e n  w ith  a b a m b o o  stru ctu re , an d  (c ) sp e c i-  
m en  w ith  large gra ins. A ll d a ta  m easu red  at lo w  freq u en c ies .

o f ad d itio n a l peaks, only d a ta  taken  e ith e r on  single 
c ry sta ls o r on  specim ens w ith large g rain  sizes, except 
fo r curves (a) an d  (b) o f fig. 8, w ere used.

C urve (a) o f fig. 7 was taken  from  fig. 13 o f Ref. [12] 
an d  co rresp o n d s to  a z ircon ium  single c rystal m easured  
on  cooling. It is c lear th a t the  p lo t is no t linear an d  a 
s tra ig h t line d raw n  th rough  the  d a ta  p o in ts  a t high 
tem p era tu res  gives A H  =  79 k j m o l- 1 . C urve (b ) o f

. 1 0 3 K'1

F ig . 8. H ig h -te m p e ra tu re  b ack g ro u n d  for  z irco n iu m  an d  so m e  
z irco n iu m  a llo y s: (a ) Z r w ith  2 .4  p c t  H f  at f =  1 s - 1 , (b )  
Z ir c a lo y -4  p o ly cr y sta l at 5 X  1 0 4 s - 1 , (c )  Z r -0 .1 8  wt% C u w ith  
la rge  gra in  s ize s  at / =  2 s ~  1 an d  (d ) z irco n iu m  w ith  b a m b o o  

stru ctu re  at / =  0 .8  s ~

fig. 7 co rresp o n d s to  a z ircon ium  specim en w ith a 
b a m b o o  s tru c tu re  an d  was taken  from  fig. 1 o f  Ref. [4]; 
again  the log Q~  1 versus T~  1 p lo t is no t linear. C onsid- 
e rin g  the a p p ro x im ate  linear behav io r at low tem pera- 
tu res gives A H  = 166 kJ m ol -  '. C urve (c) o f fig. 7, for a 
z ircon ium  specim en  w ith large gra ins ( >  245 /tm ), was 
tak en  from  fig. 6 o f Ref. [11], T he app ro x im ate ly  linear 
p lo t gives A H  = 79 kJ m o l-  '.

C urve (a) o f fig. 8, for a z ircon ium  specim en co n ta in - 
ing Hf, was o b ta in ed  from  fig. 1 o f Ref. [10]; the plo t 
show s a strong  cu rv a tu re  even if the d a ta  w ere o b ta in ed  
a t tem p era tu res well above the g ra in -b o u n d a ry  peak. 
C urve (b) o f  fig. 8, co rresp o n d in g  to  a  Z ircaloy-4  speci­
m en m easured  a t a  frequency o f 5 X  104 s - 1 , w as o b ­
ta in ed  from  fig. 3(a) o f Ref. [13]. It is seen th a t the d a ta  
p o in ts  dev iate  from  a stra ig h t line a t high tem pera tu res . 
A co m p ariso n  betw een figs. 1 an d  3(a) o f  Ref. [13] 
show s th a t the  dev ia tion  from  the linear b ehav io r begins 
w here  the d a m p in g  becom es strongly  am p litu d e-d ep en - 
den t. T hese a re  the only d a ta  rep o rted  in the lite ra tu re  
w here  the am p litu d e  dependence  o f the d am p in g  is 
considered  in detail. T he s tra ig h t line (b) o f  fig. 8 gives 
A H  =  64kJ m o l- 1 . C urve (c) o f fig. 8 is for a Z r-0 .1 8  
w t% C u alloy w ith large grains an d  was o b ta in ed  from  
fig. 5 o f  Ref. [14], T he s tra ig h t line d raw n  th rough  the 
d a ta  p o in ts  a t high tem p era tu res give A H  = 1 3 0  kj  
m o l- 1 . F inally , curve (d) o f  fig. 8 is for a z ircon ium  
specim en w ith a b am b o o  stru c tu re  an d  was taken  from  
fig. 4 o f Ref. [14]. T he p lo t show s a s trong  curvature.

T hus, it can  be s ta ted  th a t the  log Q ~ 1 versus T~  1 
p lo ts  for the  h ig h -tem p era tu re  back g ro u n d  of z ircon ium  
a n d  z ircon ium  alloys are  generally  no t linear. In this 
co n d itio n  any  n o r A H V valué o b ta in ed  from  the experi­
m en ta l d a ta  should  be  taken  w ith cau tion , since n does 
no t rem ain  co n stan t even in a  sm all tem p era tu re  región. 
A sim ilar situ a tio n  w as en co u n tered  w ith the h igh-tem - 
p e ra tu re  b ack g ro u n d  m easured  a t tw o frequencies, re­
p o rted  by the  B atist [40] in iro n -ch ro m iu m  alloys.

Fig. 9 gives the  ap p ro x im ate  activation  en tha lp ies 
versus g rain  size for the h igh -tem p era tu re  back g ro u n d  
o f Z r and  Z ircaloy-4  a t various frequencies. T he open 
c ircles give the  valúes o b ta in ed  from  curves sim ilar to 
those  show n in fig. 3, for Z ircaloy-4  a t 0.9 s - 1 . T he 
op en  triang le  is for Z ircaloy-4  a t 90 s - 1 an d  the half-full 
c irc le  for the  sam e m ateria l b u t a t 5 X  104 s - ', i.e. the 
valué o b ta in ed  from  curve (b ) o f  fig. 8.

A sm oo th  decrease  o f the  ap p a re n t ac tivation  en- 
th a lp y  w ith increasing  g rain  size is observed  in Z ircaloy-
4, in d ep en d en tly  o f the  oscilla tion  frequency. T he s itu a ­
tio n  is com plete ly  d ifferen t for z ircon ium  an d  no  corre- 
la tio n  is found  betw een the ap p a re n t activation  en- 
th a lp y  and  the  g rain  size.
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d l l i m )

F ig . 9. A p p a re n t a c t iv a tio n  en th a lp ie s  versu s gra in  s ize  for  the  
h ig h -te m p e r a tu r e  H T I F  b a c k g r o u n d  o f  z ir c o n iu m  an d  
Z ir ca lo y -4 .

th a lp y  an d  the g ra in  size.
T h e  full square  o f fig. 9 ind ica tes the  valué ob ta in ed  

in Z r a t 0.9 s -  1 a n d  the  full triang le  a t 90 s “ Th e  do t 
in d ica tes  the valué o b ta in ed  from  curve (c) o f  fig. 7 and  
a rro w  (1) fo r a z ircon ium  single c rystal(curve (a) o f 
fig. 7); arrow  (2) rep resen ts the valué for a Z r - C u  alloy 
w ith  large gra ins (curve (c) o f fig. 8).

4. Conclusions

T h e  h ig h -tem p era tu re  d am p in g  spec trum  o f  p u ré  
z ircon ium  show s tw o in te rn a l friction  peaks: one a t low 
tem p era tu res , p ro b ab ly  re la ted  to  therm ally  activated  
u n p in n in g  o f  d isloca tions from  in te rstitia l oxygen, an d  a 
second  one, a t h igher tem pera tu res , p ro b ab ly  assoc iated  
w ith  d iffu sio n -co n tro lled  m ovem ent o f d is loca tions at 
g ra in  b o u n d a rie s  o r  su bgra in  b oundaries. Both peaks 
a re  strong ly  am p litu d e- an d  stru c tu re -d ep en d en t.

T h e  h ig h - te m p e ra tu re  d a m p in g  sp e c tru m  o f  
Z ircaloy-4  show s a peak  sim ilar to  the  g ra in -b o u n d ary  
p eak  observed  in p u ré  z irconium , b u t located  a t a  h igher 
tem p era tu re , an d  a second peak, p ro b ab ly  re la ted  to 
p rec ip ita tes  a t g ra in  boundaries.

The h ig h -tem p era tu re  in te rn a l friction  background , 
b o th  o f z ircon ium  an d  Z ircaloy-4 , is strong ly  am plitude- 
a n d  s tru c tu re -d ep en d en t and , in  general, does no t 
increases ex p o nen tia lly  w ith  the recip roca l o f the  tem ­
peratu re .

F u rth e r stud ies o f the  h ig h -tem p era tu re  in te rn a l fric­
tio n  o f z ircon ium  an d  z ircon ium  alloys, w ith con tro lled  
s tra in  am p litudes an d  specim en struc tu res, are  needed.
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