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HIGH DAMPING MATERIALS : MECHANISMS AND APPLICATIONS 

R. de Batist* 

Materials Science Department, S.C.K/C.E.N., B-2400 Idol, Belgium 

Résumé - Les matériaux à fo r t amortissement sont ut i l isés largement dans le 
domaine de la réduction du niveau de bruit et de l'amplitude de vibration dans 
différentes structures complexes. Cet amortissement élevé peut être structurel 
ou trouver son origine dans le matériau même. L'amortissement dépend de para
mètres externes tels la température, l'amplitude de vibrat ion, la fréquence, 
le champ magnétique, . . . et est déterminé essentiellement par l 'é ta t micro
structurel du matériau. On discutera quelques structures pouvant conduire à 
un amortissement élevé et surtout quelques processus physiques susceptibles 
de causer un frottement intérieur élevé dans des matériaux tels que les com
posites, les polycristaux, les hauts polymères ou les amorphes. De tels pro
cessus physiques sont basés sur la restructuration micro- ou macromolëculaire 
dans les matériaux, résultant de la présence de dislocations ou de divers types 
d'interfaces (parois de domaines, joints de grains, macles, e tc . ) . 

Abstract - High damping materials find numerous uses in the field of vibration 
and noise reduction in more or less complex structures. The high damping re
quired in such structures can be structural damping or materials damping, 
although the distinction is not always clear-cut. Damping depends on a number 
of external parameters such as temperature, vibration amplitude, frequency, 
magnetic field etc. The material microstructure determines largely the rnecha-
nism(s) responsible for the damping level in a certain field of external para
meter values. A number of possible processes for structural damping will be 
discussed as well as some of the physical mechanisms responsible for materials 
damping in composite materials, polycrystalline materials, polymers, amorphous 
materials, etc. These mechanisms are based on micro- or macromolecular re
structuration within the materials as caused by effects of dislocations and 
various types of interfaces (e.g. domain, twin, interphase or grain bounda
ries). 

1 - INTRODUCTION 

The ability of rapidly damping out mechanical vibrations has long been recognized as 
a very useful material's property, although musicians may not fully agree with this 
qualification. The study of the mechanical damping properties of solids covers a 
wide range both of materials and of phenomena. From amorphous elastomers to the most 
perfect single crystals, all types of solids offer their own specific challenge to 
the understanding of their internal friction characteristics in terms of dissipation 
phenomena related either to the behaviour under mechanical stress of individual 
atoms or to cooperative motions of more or less extended agglomerates of atoms or 
molecules. Internal friction studies have thus primarily been used to enhance our 
fundamental knowledge of the mechanical properties of solid materials. Examples of 
this can be found in the field of phonon-phonon or electron-phonon interaction pro
cesses, in the characterization of point defects in crystalline materials (both 
their symmetry and their migration properties), in the study of dislocations, of 
grain boundaries or domain boundaries, of glass transitions in amorphous solids, etc. 
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(1-4) .  The use o f  m a t e r i a l s  s p e c i f i c a l l y  f o r  t h e i r  damping p r o p e r t i e s  on t h e  o t h e r  
hand appears t o  be much l e s s  documented, a l though the re  e x i s t  q u i t e  a  number o f  
a p p l i c a t i o n s  f o r  bo th  low damping m a t e r i a l s  (mechanical f i  1  t e r s ,  o s c i l l a t o r s ,  de lay  
l i n e s  ...) and h i g h  damping m a t e r i a l s  (no i se  and v i b r a t i o n  absorbers, . . . ) .  

I n  t h e  p resen t  review, a t t e n t i o n  w i l l  be focused on h i g h  damping m a t e r i a l s .  Some ty- 
p i c a l  examples w i l l  be descr ibed o f  a p p l i c a t i o n s  where i n  t h e  des ign phase o f  equ ip-  
ment t he  h i g h  l e v e l  o f  t he  damping o f  t h e  m a t e r i a l  p lays  an e s s e n t i a l  r o l e .  O f  cour -  
se, here  t o o  the  r e l e v a n t  m a t e r i a l  p r o p e r t i e s  depend on a  number o f  u t i l i z a t i o n  pa- 
rameters, and a  successfu l  des ign can o n l y  be ob ta ined  when a l l  o f  those parameters 
have been c a r e f u l l y  and knowing ly  taken account o f .  C l e a r l y  t h i s  can o n l y  be done by 
due c o n s i d e r a t i o n  o f  t he  mechanisms respons ib le  f o r  t he  damping behav iour  i n  the ma- 
t e r i a l  t o  be used. The l a r g e s t  p a r t  o f  t h i s  rev iew  w i l l  t h e r e f o r e  deal  w i t h  a  d i s -  
cuss ion  o f  t h e  v a r i o u s  phenomena which l e a d  t o  mechanical damping. I n  a d d i t i o n  t o  
s i t u a t i o n s  i n  which t h e  mechanical c o n f i g u r a t i o n  o f  t h e  system leads t o  a  r e d u c t i o n  
i n  v i b r a t i o n  amp1 i tudes, one w i l l  be mos t l y  concerned w i t h  s t r u c t u r a l  damping as 
occurs i n  composite m a t e r i a l s  and w i t h  m a t e r i a l s  damping as found i n  m a t e r i a l s  t h a t  
appear more homogeneous on a  microscop ic  ( though n o t  a tomic)  sca le .  

I n  o r d e r  t o  s e t  t he  scene f o r  t h e  p resen t  d iscuss ion,  a  q u a n t i f i c a t i o n  o f  t he  l e v e l  
t o  be understood under the  l a b e l  o f  "h igh  damping" i s  d e s i r a b l e .  Th i s  i s  c l e a r l y  a  
m a t t e r  o f  s u b j e c t i v e  cho ice,  b u t  a  c o n s i d e r a t i o n  o f  t h e  exper imenta l  d a t a  a v a i l a b l e  
suggests t h a t  a  lower  bound o f  Q-I = 10-2 i s  n o t  unreasonable. Th is  excludes most, 
if n o t  a l l ,  o f  t h e  phenomena r e l a t e d  w i t h  smal l  sca le  t r a n s p o r t  processes o f  a tomic  
sca le  e n t i t i e s ,  f o c u s i n g  the  a t t e n t i o n  t o  mechanisms based on coopera t i ve  types o f  
processes. 

2 - POSSIBLE USES OF HIGH-DAMPING 

Obviously,  a p p l i c a t i o n s  o f  t h e  damping p r o p e r t i e s  o f  m a t e r i a l s  a re  t o  be expected i n  
s i t u a t i o n s  where the  occurrence o f  mechanical v i b r a t i o n s  has t o  be reduced below 
some c r i t i c a l  ampl i tude.  The necess i t y  o f  1  i m i t i n g  v i b r a t i o n  ampl i tudes may be an 
i n t r i n s i c  requ i rement  f o r  the c o r r e c t  ope ra t i on  o f  a  system; i t  may a l s o  c o n t r i b u t e  
t o  t h e  use fu l  l i f e  o f  t h e  system o r  i t  may s imp ly  o r i g i n a t e  i n  a  wish t o  improve t h e  
phys i ca l  comfor t  o f  t h e  user  o r  t o  reduce the  impact on the  environment.  

V i b r a t i o n  i s o l a t i o n  o f  course has t o  be cons idered i n  bo th  d i r e c t i o n s :  o s c i l l a t i o n s  
induced by the  system on the  sur roundings as w e l l  as o s c i l l a t i o n s  generated i n  t he  
sur roundings and t r a n s m i t t e d  t o  the  system. As a m a t t e r  o f  f a c t ,  one shou ld  a l s o  
cons ide r  cases i n  which the  v i b r a t i o n s  induced w i t h i n  the  system may i n t e r f e r e  w i t h  
the d e s i r e d  f u n c t i o n i n g  o f  t he  equipment. The mathematical  a n a l y s i s  o f  t h e  mechanical 
behaviour o f  complex many degrees o f  freedom systems can be c a r r i e d  o u t  us ing  modal 
ana lys i s  techniques (5,6). As some t y p i c a l  examples one can ment ion t h e  r e d u c t i o n  o f  
t he  f o r c e s  t r a n s m i t t e d  t o  the  hand o f  a  t e n n i s p l a y e r  f rom t h e  v i b r a t i o n s  o f  h i s  r a -  
c k e t  ( 5 ) ,  t he  e q u a l i z a t i o n  o f  t h e  sp ray ing  d e n s i t y  o f  a  f e r t i l i z e r - d i s t r i b u t o r  by 
r e d u c t i o n  o f  t he  v i b r a t i o n  ampl i tudes o f  t h e  sprayer  booms ( 7 )  and t h e  improvement 
of d r i l l i n g  q u a l i t y  ob ta inab le  by the  i n t r o d u c t i o n  o f  a  dynamic damper (8) .  

Noise r e d u c t i o n  i s  another  obvious b e n e f i t  t o  be obta ined by us ing  v i b r a t i o n  absor- 
b i n g  m a t e r i a l s  i n  i n s t a l l a t i o n s  sub jec ted  t o  o r  genera t i ng  mechanical o s c i l l a t i o n s ,  
such as a  motorcar .  F i n a l l y ,  t h e  f a t i g u e - l i f e  i s  determined by t h e  a1 t e r n a t i n g  
s t r a i n  ampl i tudes o c c u r r i n g  i n  t he  m a t e r i a l ,  and t h i s  may cause problems i n  s t r u c -  
t u r a l  m a t e r i a l s  such as meta ls  o r  composites as w e l l  as i n  s e n s i t i v e  s t r u c t u r e s  such 
as e.g.  e l e c t r o n i c  p r i n t  p l a t e s  sub jec ted t o  s t r o n g  s o l l i c i t a t i o n s  as i n  h i g h  g  
circumstances. I t i s  c l e a r  then t h a t  h igh  damping m a t e r i a l s  can be expected t o  con- 
t r i b u t e  t o  improv ing t h e  f a t i g u e  performance o f  o s c i l l a t i n g  mechanical p a r t s .  

3 - PARAMETERS INFLUENCING THE DAMPING BEHAVIOUR OF MATERIALS 

Before  e n t e r i n g  i n t o  a  d e t a i l e d  d i scuss ion  o f  phys i ca l  mechanisms l e a d i n g  t o  h igh  



damping leve ls ,  a  survey w i l l  be g iven o f  the var ious physical parameters which have 
t o  be considered i n  eva lua t ing  the damping p roper t ies  o f  mate r ia l s .  Here, one w i l l  
consider on ly  external  parameters as imposed by the  u t i l i z a t i o n  condi t ions;  the i n -  
t e r n a l  var iab les w i l l  f o l l o w  q u i t e  n a t u r a l l y  when discussing the mechanisms respon- 
s i b l e  f o r  the  observed damping. O f  course, i t  i s  q u i t e  conceivable t h a t  ex te rna l  
var iab les (e.g. temperature) w i l l  a l so  in f luence  the i n t e r n a l  parameters. 

Among the impor tant  external  var iab les,  some have a  d i r e c t  r e l a t i o n  w i t h  the v ib ra -  
t i o n a l  s ta te :  frequency, s t r a i n  amplitude, number o f  cyc les.  For a  l i n e a r  process 
which does n o t  a1 t e r  the mate r ia l  m ic ros t ruc tu re  re levan t  f o r  the mate r ia l  damping, 
n e i t h e r  the s t r a i n  arnpli tude nor the dura t ion  o f  c y c l i n g  w i l l  have an e f f e c t  on the 
damping l e v e l .  I n  as much as the i n t e r e s t  o f  the present paper l i e s  i n  h igh  damping 
phenomena, however, one w i l l  f requen t l y  have t o  deal w i t h  non- l inear  processes and 
hence w i t h  amp1 i tude dependent e f f e c t s .  Also, these e f f e c t s  wi 11 o f t e n  induce chan- 
ges i n  the i n t e r n a l  s t r u c t u r e  o f  the mate r ia l  (e.g. changes i n  d i s l o c a t i o n  d i s t r i -  
bu t ion )  and consequently i n  the damping. Whether frequency w i l l  have an e f f e c t  on 
the i n t e r n a l  f r i c t i o n  depends a lso on the mechanism. I f  the process causing the dam- 
p ing i s  a  thermal ly  ac t i va ted  r e l a x a t i o n  process (even i f  i t i s  widely  d i s t r i b u t e d ) ,  
frequency w i l l  be co r re la ted  w i t h  temperature, and i n  t h i s  way temperature w i l l  have 
an i n d i r e c t  e f f e c t  on the mate r ia l  behaviour. O f  course, temperature w i l l  a l so  have 
a  pronounced e f f e c t  on the i n t e r n a l  s t a t e  var iab les reponsib le  f o r  the damping me- 
chanisms, b u t  t h i s  w i l l  be discussed l a t e r .  

Other external  va r iab les  may a lso  a1 t e r  the mate r ia l  m ic ros t ruc tu re  and w i l l  conse- 
quent ly  c o n t r i b u t e  t o  changes i n  the damping. As an example one might  mention the 
e f f e c t s  o f  i r r a d i a t i o n ,  l ead ing  t o  the c r e a t i o n  o f  p o i n t  defects  i n  c r y s t a l l i n e  ma- 
t e r i a l s  o r  o f  c ross - l i nk ing  and/or chain-sc iss ion i n  polymers, the e f f e c t s  o f  the r -  
mal shock, r e s u l t i n g  i n  microcracks, the in f luence  o f  the surrounding atmosphere 
causing craze formation o r  various k ind  o f  corrosion, e t c .  

A11 o f  these parameters have t o  be evaluated f o r  t h e i r  relevance when designing f o r  
v i b r a t i o n  reduct ion i n  a  s p e c i f i c  s i t u a t i o n .  

4 - PROCESSES LEADING TO HIGH DAMPING 

When consider ing the var ious p o s s i b i l i t i e s  o f  reducing the displacement amplitudes 
o f  s t r u c t u r a l  elements o f  a  complex system, one may d i s t i n g u i s h  very roughly between 
systems damping, s t r u c t u r a l  damping and mate r ia l s  damping. This i s  on ly  a  very sche- 
mat ic  c l a s s i f i c a t i o n ,  however, since i t  w i l l  be obvious t h a t  i t  i s  no t  always easy 
t o  c l e a r l y  de f ine  the boundaries between these d i f f e r e n t  types o f  damping. 

I n  a  system w i t h  several degrees o f  freedom, combinations o f  mass and e l a s t i c i t y  can 
be introduced r e s u l t i n g  i n  zero amplitudes f o r  se lected degrees o f  freedom a t  we l l  
s p e c i f i e d  frequencies, even wi thout  damping. This system approach f o r  v i b r a t i o n  re -  
duc t ion  can o f  course be combined w i t h  mate r ia l s  damping by consider ing the e las -  
t i c  and damping p roper t ies  o f  the mate r ia l s  used i n  t h e  system. I n  t h i s  way one i s  
l e d  t o  the concept o f  s t r u c t u r a l  damping, i n  which the response f u n c t i o n  o f  a  system 
can be s t rong ly  reduced even a t  resonance frequencies by the incorpora t ion  o f  s t ruc -  
t u r a l l y  damping components. This damping may be caused by ex te rna l  f r i c t i o n  o r  i n -  
t e r a c t i o n  w i t h  an external  f i e l d ,  e.g. as i n  an electromechanical brake. It i s  a lso 
poss ib le  t o  use a compound s t r u c t u r a l  member i n  which the requ i red  e l a s t i c  s t i f fness  
and damping are generated i n  two d i f f e r e n t  mate r ia l s  combined i n  one u n i t ,  as e.g. 
i n  a  m e t a l l i c  p l a t e  covered w i t h  a  h i g h l y  damping v i s c o e l a s t i c  coat ing.  Such s t ruc -  
t u r a l  damping can be described w i t h  reasonable accuracy us ing the r u l e  o f  mixtures 
f o r  both the  d iss ipa ted  (AM) and the s tored (W) amounts o f  mechanical energy, so 
t h a t  (us ing subscr ip ts  1 and 2 f o r  the two components o f  the composite): 

As shown e.g. i n  ( 9 ) ,  a damping peak may occur i n  such a  composite as a  r e s u l t  o f  
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the simultaneous variations of damping and e l a s t i c i t y  in one of the components ( i n  
the present case an anorganic glass deposited on a metal base). Also, depending on 
the re la t ive  values of the in t r ins i c  material properties, f ibre  reinforced matrices 
may exhibit  e i the r  higher or  lower damping properties than the original matrix (10).  

Of course, viscoelastic materials such as  anorganic glasses or organic polymers are 
not the only material modifications exhibiting high damping. I t  i s  the purpose of 
th i s  paper to discuss physical mechanisms leading to high values of internal f r i c -  
tion in various classes of materials. Composite materials will not be considered i n  
as much as i t s  damping resul ts  from f r i c t ion  between the various component materials. 
Sources of internal damping, inherent to one of the components, will obviously be 
treated. Of course, i t  i s  not always easy to decide whether a material should be re- 
garded as a composite. Whereas no one will have di f f icul ty  with a glass f iber re- 
inforced resin,  the case for a glass-ceramic, f o r  a part ly transformed thermo-elas- 
t i c  martensite,for a eutec t ic  al loy or may be even fo r  a polycrystalline aggregate 
i s  much less  clear.  

A schematic overview of the gradual transit ion from systems damping over structural 
damping to materials damping i s  given in Figure 1. 

5 - MECHANISMS OF MATERIALS DAMPING 

Internal f r i c t ion  in a material i s  the resul t  of i r r eve r s ib i l i t i e s  occurring during 
a1 ternating s t ress  cycles imposed on i t  and these irreversi  bi Ti t i e s  originate in the 
interactions between the structural  components of the material. I t  may be expected 
then that  a high level of damping can occur only when a considerable fraction of the 
molecules are allowed t o  perform re la t ive ly  long-range excursions between thei r  
more or  l e s s  equivalent equi 1 i brium positions. Clearly, phonon-phonon interactions 
do not f a l l  under th i s  label . For the we1 1-known case of point defect relaxation 
ef fec ts  the required excursion distances correspond with a diffusional jump, and 
the relaxation strength,  which i s  determined by the anisotropy of the s t r a in  f i e ld  
related with the point defect, can in favourable cases reach a value of about one 
per a t  %, so that  a high damping of say lom2 can occur only in  materials with a high 
solubi l i ty  for  point defects. As an example, one can refer  to the old as well as 
recent resul ts  obtained for the Snoek effec t  in bcc metals such as niobium or tanta- 
lum (11).  Obviously, we will stand a better  chance of obtaining high damping levels 
by considering mechanisms based on cooperative phenomena. Such phenomena range from 
dislocation processes over various kinds of interphase boundary motions (grain 
boundaries, twin boundaries, domain boundaries, ...) to phase change ef fec ts  (glass 
t rans i t ion ,  martensitic transformation, precipitat ion,  . . . ) .  

5.1. - Dislocation damping 

The 1 i te ra ture  on dislocation damping ef fec ts  has been expanding continuously over 
the past decades (1-4).  However, most of t h i s  research has concentrated on the lower 
damping levels.  Yet, i t  i s  well known that  dislocation relaxation ef fec ts  are cha- 
racterized by a relaxation strength determined by A L ~ .  Hence there i s  no reason why 
high damping values should not be observed resulting from h i g h  dislocation densi- 
t i e s ,  A ,  coupled with suff ic ient ly  large f ree  dislocation loop lengths, L .  This i s  
demonstrated i n  Figure 2, showing the Bordoni peak observed inMo (12).  Also the 
Granato-Liicke type break-away damping can lead to very high damping levels in fa-  
vourable cases such as in various magnesium alloys (13,14). 

5.2. - Interphase boundary damping 

The thermodynamic degree of ordering of a solid i s  determined by the correlations 
between an atom and i t s  neighbours and i s  a function of the external f i e ld  variables 
(temperature, e l a s t i c  f i e l d ,  magnetic f i e l d ,  e l ec t r i c  f i e ld ,  . . .). For fixed external 
f ie ld  values, the spatial  orientation of the characterist ic directions in the ordered 
s t a t e  can s t i l l  take a number of more or less  arbi t rary  values, and a macroscopi- 
cally homogeneous sol id ( i n  terms of chemical composition) will be heterogeneous on 
a microscopic level .  For a crys ta l l ine  solid which i s  not a monocrystal, t h i s  will 



lead t o  the presence o f  g r a i n  boundaries and/or t w i n  boundaries. Semic rys ta l l i ne  
mate r ia l  conta ins c r y s t a l l i t e s  embedded i n  an amorphous m a t r i x  ( o r  separated by an 
amorphous l a y e r )  - such g r a i n  surfaces occur i n  semic rys ta l l i ne  polymers and i n  
glass ceramics. The c rys ta l log raph ic  order can be supplemented by add i t i ona l  orde- 
r i n g  processes, character ized by the existence o f  a  spontaneously ordered s t a t e  des- 
c r i  bed by a  s t a t e  parameter which i s  d i f f e r e n t  from zero on ly  below a  c h a r a c t e r i s t i c  
c r i t i c a l  temperature. Frequently the ordered s t a t e  can assume a  l i m i t e d  number o f  
c r y s t a l l o g r a p h i c a l l y  equiva lent  o r i e n t a t i o n s  w i t h i n  any c r y s t a l ,  r e s u l t i n g  i n  the 
c rea t ion  o f  domain boundaries. The nature o f  the ordered s ta te  can be e i t h e r  chemi- 
ca l ,  e l a s t i c ,  e l e c t r i c  o r  magnetic; the mate r ia l  w i l l  be described accord ing ly  as 
e.g. f e r r o e l a s t i c ,  f e r r o e l e c t r i c ,  ant i fer romagnet ic ,  e t c .  O f  course, more than one 
type o f  order may occur simultaneously: a  f e r r o e l a s t i c  mate r ia l  may have developed 
a  spontaneous e l e c t r i c  p o l a r i z a t i o n ;  a  ferromagnet w i l l  a l so  e x h i b i t  a  spontaneous 
deformation. 

Provided the order  parameter couples w i t h  an external  f i e l d ,  the domain boundaries 
w i l l  at tempt t o  move i n  accordance w i t h  the d i r e c t i o n  o f  the app l ied  f i e l d .  I f  
furthermore t h i s  motion occurs i n  an i r r e v e r s i b l e  manner, so t h a t  the r e l a t i o n s h i p  
between the f i e l d  and the corresponding s t a t e  o f  order  i s  n o t  a  s ing le-va lued one, 
energy w i l l  be d iss ipa ted .  I n  the frame o f  t h i s  review, the f i e l d  t o  be considered 
i s  a  mechanical s t ress  f i e l d ,  the coupl ing w i t h  the spontaneous s t r a i n  w i l l  r e s u l t  
i n  a  modulus de fec t  and hysteres is  i n  the s t r e s s - s t r a i n  r e l a t i o n  f o r  a  p e r i o d i c a l l y  
vary ing f i e l d  w i l l  lead t o  i n t e r n a l  f r i c t i o n .  

Probably the best documented e f f e c t  i s  the  damping r e l a t e d  w i t h  the magnetomechani- 
ca l  i n t e r a c t i o n  phenomena occur r ing  i n  ferromagnetic mater ia ls ,  f o r  which a  d e t a i l e d  
descr ip t ion  has been a v a i l a b l e  since the f i r s t  h a l f  o f  t h i s  century (see e.g. 
(15-18)) .  F igure 3 shows schemat ica l ly  the in f luence  o f  a  number o f  parameters on 
the observed magnetomechanical damping e f fec ts .  Through the magnetost r ic t ive e f f e c t ,  
the well-known magnetic hysteres is  curve can be transposed i n t o  a  mechanical hyste-  
r e s i s  curve and t h i s  al lows one t o  der i ve  an expression f o r  the ampli tude dependence 
o f  the i n t e r n a l  f r i c t i o n  i n  terms o f  magnetomechanical mate r ia l  constants: 

Here hS i s  the s a t u r a t i o n  value o f  the magnetost r ic t ion,  Is the s a t u r a t i o n  value o f  
the  magnetizat ion, E i s  Young's modulus and E the s t r a i n  amplitude; a describes the 
shape o f  the s t r e s s - s t r a i n  curve i n  analogy w i t h  t h a t  o f  the magnetizat ion curve, 
assuming t h a t  the magnetic s u s c e p t i b i l i t y  x can be w r i t t e n  as a  l i n e a r  f u n c t i o n  o f  
the magnetic f i e l d  H: 

The l i m i t i n g  s t r a i n  amplitude E~ corresponds w i t h  the magnetomechanical coerc ive 
s t ress f o r  which no f u r t h e r  s t ress  induced domain boundary motion ( o r  domain reo- 
r i e n t a t i o n )  can occur. For l a r g e r  amplitudes o f  v i b r a t i o n ,  the amount o f  energy d i s -  
s ipated per cyc le remains constant and the i n t e r n a l  f r i c t i o n  w i l l  decrease as E - ~ .  

Of  course, t h i s  assumption about x (eqn. ( 2 ) )  imp l ies  t h a t  eqn. ( 1 )  can be no more 
than a  q u a l i t a t i v e  approximation. Yet, i t  ind ica tes  t h a t  the  i n t e r n a l  f r i c t i o n  w i l l  
depend on the shape and the steepness o f  the magnetic hys te res is  curve and i n  p a r t i -  
c u l a r  on the value o f  the coerc ive f i e l d  s t rength and the s a t u r a t i o n  magnetizat ion; 
these parameters can be s t rong ly  in f luenced  by s t r u c t u r a l  changes such as i n t e r n a l  
s t ress f i e l d s .  The r e l a t i v e  weakness imp l ied  by the use o f  eqn. (2)  i s  i l l u s t r a t e d  
i n  Figure 4, taken from the work o f  Masumoto e t  a1 . (19) on n icke l -coba l t  a l l o y s ,  
and which a lso  gives an i n d i c a t i o n  o f  the damping l e v e l s  ob ta ined insuch  mate r ia l s .  

Other types o f  domain boundaries can obvious ly  a lso  be expected t o  y i e l d  i n t e r n a l  
f r i c t i o n  con t r ibu t ions .  Unfor tunate ly ,  these cases are much less  we l l  documented by 
experimental data and i n  p a r t i c u l a r  a  w e l l - d e t a i l e d  t h e o r e t i c a l  desc r ip t ion  i s  s t i l l  
1  ack i  ng . 
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The s i t u a t i o n  i s  s l i g h t l y  b e t t e r  when one considers g r a i n  boundary e f f e c t s ,  f o r  
which a  much l a r g e r  s e t  o f  experimental r e s u l t s  i s  ava i lab le .  Since t h e  f i r s t  expe- 
r iments o f  KO (20), g r a i n  boundary i n t e r n a l  f r i c t i o n  e f f e c t s  have been widely  s tu -  
d ied and f i g u r e  p r a c t i c a l l y  permanently on the programme o f  the conferences on i n -  
te rna l  f r i c t i o n  and u l t r a s o n i c  a t tenua t ion  (3,4). Grain boundary r e l a x a t i o n  parame- 
t e r s  are a  func t ion  o f  g r a i n  s ize,  d, and g r a i n  boundary m o b i l i t y ,  ub = V/T i f  v  i s  
the g r a i n  boundary v e l o c i t y  under a  shear s t ress  -1. The actual  peak he igh t  o f  the 
g r a i n  boundary r e l a x a t i o n  e f f e c t  depends upon the d i s t r i b u t i o n  i n  g r a i n  s izes.  
This i s  t r u e  a lso  f o r  the peak pos i t i on ,  since t h i s  i s  determined by the r e l a x a t i o n  
time, which i s  p ropor t iona l  w i t h  d  and p- l .  The g r a i n  boundary m o b i l i t y  i s  thermal ly  
ac t i va ted  w i th  an a c t i v a t i o n  enthalpy which, depending on the boundary microst ruc-  
ture, may take values between 50 % and 100 % o f  t h a t  f o r  s e l f - d i f f u s i o n .  Clear ly ,  
g r a i n  boundary m o b i l i t y  i s  a l so  s t rong ly  in f luenced by the presence o f  impur i t i es ,  
and t h i s  can lead t o  the simultaneous occurrence o f  several g r a i n  boundary re laxa-  
t i o n  peaks. This i s  i l l u s t r a t e d  i n  F igure 5, showing the e f f e c t  o f  i n t e r n a l  oxida- 
t i o n  and reduct ion on the p o s i t i o n  o f  the g r a i n  boundary peak i n  an A1-Mg a l l o y  (21). 

Fur ther  d i f f i c u l t i e s  i n  i n t e r p r e t i n g  h igh temperature damping peaks i n  c r y s t a l l i n e  
mate r ia l s  i n  terms o f  g r a i n  boundary mechanisms a r i s e  from the f a c t  t h a t  apparent ly 
s i m i l a r  e f f e c t s  are observed a lso  i n  s ing le  c r y s t a l l i n e  samples. (See e.g. the d i s -  
cussions i n  ICIFUAS 7 ( 3 ) ) .  This suggests t h a t  the bas ic  mechanisms responsib le  
f o r  the damping peaks are s i m i l a r  too. This i s  not  unreasonable i f  one takes i n t o  
account t h a t  any d e t a i l e d  descr ip t ion  o f  the g r a i n  boundary s t ruc tu re  leads t o  the 
necessi ty  o f  consider ing the simultaneous motion o f  sets  o f  d i s loca t ions .  S i m i l a r  
sets o f  simultaneously moving d is loca t ions  can a lso  be expected t o  occur i n  s ing le  
c r y s t a l s  subjected t o  the h igh temperatures where these damping peaks occur (horno- 
logous temperatures o f  about 112). 

These r e l a t i v e l y  e levated peak temperatures a lso  imply t h a t  the mere observat ion o f  
the e f f e c t  can cause changes i n  the mate r ia l  m ic ros t ruc tu re  which can s u f f i c e  t o  
a l t e r  the damping spectrum. This i s  o f  course n o t  very favourable f o r  a  q u a n t i t a t i v e  
analys is  o f  the phenomena. I n  t h i s  respect,  t w i n  boundary r e l a x a t i o n  e f f e c t s  would 
appear t o  be more t rac tab le ,  since they seem t o  be governed by lower a c t i v a t i o n  
enthalp ies.  However, the twinning mic ros t ruc tu re  i s  no t  very predic tab le,  nor r e -  
producible, and the amount o f  experimental i n v e s t i g a t i o n ~  o f  i n t e r n a l  f r i c t i o n  
e f f e c t s  associated w i t h  twin boundaries remains s t i l l  r a t h e r  small .  The increasing 
i n t e r e s t  i n  both metal-hydrogen systems and thermoelast ic m a r t e n s i t i c  phase t rans-  
format ion e f f e c t s  can be expected t o  lead t o  an increasing number o f  i nves t iga t ions  
on the ane las t i c  behaviour o f  t w i n  boundaries. 

Evidence f o r  the assignment o f  an i n t e r n a l  f r i c t i o n  peak i n  zirconium t o  a  s p e c i f i c  
type o f  deformation t w i n  i s  presented i n  t h i s  conference ( (22) ,  see a l s o  (23)) .  
Even h igher  damping values are repor ted i n  the  work o f  Melik-Shakhnazarov e t  a1. 
(24)  on ane las t i c  e f f e c t s  i n  the 6 phase o f  niobium hydr ide.  This i s  i l l u s t r a t e d  
i n  F igure 6. These authors r e l a t e  t h e i r  observat ions t o  the presence o f  twins i n  
the hydr ide p r e c i p i t a t e s  and present  a  model ( c f r .  Figure 7 )  exp la in ing  the m o b i l i t y  
o f  the t w i n  boundaries under a  shear s t ress  as being governed by the r e d i s t r i b u t i o n  
o f  hydrogen atoms, so t h a t  the a c t i v a t i o n  enthalpy f o r  the i n t e r n a l  f r i c t i o n  peak 
should be near ly  equal t o  t h a t  f o r  hydrogen d i f f u s i o n .  They a lso show t h a t  the re -  
l a x a t i o n  s t rength i s  a  ra ther  steep func t ion  o f  the hydrogen concentrat ion CH, as a  
r e s u l t  o f  both an increase i n  the t w i n  boundary concentrat ion and an increase i n  
the twinning deformation (both o f  these q u a n t i t i e s  are suggested t o  vary as cL ) .  

An i n t e r e s t i n g  c lass  o f  mater ia ls ,  a l so  from the  p o i n t  o f  view o f  the h igh  damping 
leve ls  t h a t  can be obtained i n  them, are those martens i te  phases character ized by a  
h igh dens i t y  o f  twins o r ,  more genera l ly ,  mar tens i te  va r ian ts .  The damping r e l a t e d  
w i t h  the phase t ransformat ion i t s e l f  i s  discussed i n  9.5.3. The presence o f  the 
v a r i a n t  i n t e r f a c e s  u s u a l l y  leads t o  a  h igh damping l e v e l  i n  the martens i te  phase, 
f requen t l y  superimposed w i t h  an in tense i n t e r n a l  f r i c t i o n  peak ascr ibed t o  boundary 
re laxa t ion .  A  s t r i k i n g  example o f  t h i s  e f f e c t  i s  given i n  F igure 8, taken from Sugi- 
mot0 e t  a l .  (25) and showing t w i n  boundary damping i n  an ant i fer romagnet ic  mangane- 
se-copper a l l o y  w i t h  a  m a r t e n s i t i c  f c c  -t f c t  t ransformat ion a t  about 130°C. 



I f  one a l l ows  f o r  i n t e r a c t i o n  between p o i n t  d e f e c t s  and t h e  v a r i o u s  i n t e r f a c e  boun- 
d a r i e s  o c c u r r i n g  i n  t h e  m a r t e n s i t e  phase, t h e  s i t u a t i o n  becomes even more complex 
b u t  a l s o  l e s s  r e p r o d u c i b l e .  The c o n t r i b u t i o n  o f  Van Humbeeck and Delaey a t  t h i s  con- 
f e rence  (26)  descr ibes  two damping peaks i n  t h e  mar tens i t e  phase o f  Cu-Zn-A1 a l l o y s ,  
which a r e  i n t e r p r e t e d  as be ing  caused by t h e  i n t e r a c t i o n  between p o i n t  de fec t s ,  
r e t a i n e d  i n  t h e  m a t e r i a l  f o l l o w i n g  quenching f rom t h e  h i g h  temperature  beta-phase, 
and t h e  d i s l o c a t i o n s  wh ich a r e  p resen t  w i t h i n  t h e  m a r t e n s i t e  p l a t e s  and/or t h e  p l a t e  
boundar ies . 

5.3. - Phase change e f f e c t s  

The coope ra t i ve  mo lecu la r  mot ions  o c c u r r i n g  d u r i n g  a  s o l i d - s o l i d  phase t ransforma-  
t i o n  can coup le  w i t h  e x t e r n a l  s t r e s s  f i e l d s  and thus  l e a d  t o  energy  d i s s i p a t i o n .  On 
a  s m a l l e r  sca le ,  i n  a  two-phase m a t e r i a l  c o n s i s t i n g  o f  p r e c i p i t a t e  p a r t i c l e s  i n  a  
m a t r i x ,  t he  shape o f  t he  p r e c i p i t a t e s  can be changed under t h e  i n f l u e n c e  o f  an ex- 
t e r n a l  s t r e s s  and s i n c e  t h i s  w i l l  n o t  occu r  i ns tan taneous l y ,  i n t e r n a l  f r i c t i o n  w i l l  
r e s u l t .  I n  as much as t h i s  reshap ing i s  c o n d i t i o n e d  by d i f f u s i o n  processes a long  t h e  
p a r t i c l e - m a t r i x  i n t e r f a c e ,  i t  can a l s o  be cons idered as an i n te rphase  boundary 
e f f e c t  and i t  w i l l  t h e r e f o r e  be d iscussed f i r s t .  

D i f f u s i o n a l  r e l a x a t i o n  around i ncohe ren t  second phase p a r t i c l e s  has been desc r i bed  
t h e o r e t i c a l l y  by Mor i  e t  a l .  ( 2 7 ) .  They show t h a t  t h e  reshap ing o f  e l l i p s o i d a l  pa r -  
t i c l e s  i n  t h e  presence o f  an e l a s t i c  s t r e s s  f i e l d  l eads  t o  a  specimen behaving as a  
s tanda rd  l i n e a r  s o l i d .  The r e l a x a t i o n  s t r e n g t h  i s  found t o  be p r o p o r t i o n a l  w i t h  t h e  
volume f r a c t i o n  o f  p a r t i c l e s  and w i t h  t he  shear modulus o f  t he  p a r t i c l e s .  The r e l a x *  
t i o n  t i m e  T on t h e  o t h e r  hand i s  p r o p o r t i o n a l  w i t h  ~ a 3 / ~ h ,  i n  wh ich  T  i s  t h e  tempe- 
r a t u r e ,  a  t h e  p a r t i c l e  s i z e ,  D  t h e  i n t e r f a c i a l  d i f f u s i o n  c o e f f i c i e n t  and h  t h e  th i ck -  
ness o f  t h e  d i f f u s i o n  l a y e r .  T h i s  p a r t i c l e  s i z e  dependence o f  t h e  peak temperature  
has been con f i rmed  e x p e r i m e n t a l l y  i n  A l -S i  (28)  and i n  Cu-Fe (29) a l l o y s .  However, 
i n  Al-Ge a l l o y s  i n  which t h e  p r e c i p i t a t e s  a r e  f l a t  r a t h e r  t han  s p h e r i c a l ,  t h e  peak 
temperature  was found t o  be independent o f  age ing t rea tmen ts  and hence presumably 
o f  t h e  p a r t i c l e  s i z e  ( 3 0 ) .  

As ment ioned before ,  m a r t e n s i t i c  phase t rans fo rma t i ons  have a t t r a c t e d  cons ide rab le  
a t t e n t i o n  l a t e l y  (see e.g. ( 3 1 ) ) .  I n  a d d i t i o n  t o  t h e  boundary m o b i l i t y  e f f e c t s  
w i t h i n  t he  mar tens i  t i c  phase desc r i bed  e a r l  i e r ,  t h e  phase t r a n s f o r m a t i o n  i t s e l f  i s  
c h a r a c t e r i z e d  a1 so by a  v e r y  pronounced i n t e r n a l  f r i c t i o n  maximum, u s u a l l y  accom- 
pan ied by a  d i p  i n  t he  e l a s t i c  modulus. The peak c h a r a c t e r i s t i c s  a re  found t o  depend 
on a  number o f  exper imenta l  parameters such as h e a t i n g  ( c o o l i n g )  r a t e ,  T, f requency, 
f, and s t r e s s  ampl i tude,  o f .  !he energy d i s s i p a t i o n  can be r e l a t e d  t o  t h e  amount o f  
m a t e r i a l  t rans formed and, a k i n g  i n t o  account  t h e  f a c t  t h a t  f o r  a  t h e r m o e l a s t i c  
m a r t e n s i t e  t h e  t r a n s f o r m a t i o n  can be induced by temperature  changes as w e l l  as by a  
mechanical s t r e s s ,  t h e  f o l l o w i n g  phenomenological express ion f o r  t h e  damping can be 
d e r i v e d  (32) : 

Here, m  = m(T,o) i s  the  amount o f  m a t e r i a l  t rans formed by a  change i n  temperature,  
T, and/or s t r e s s ,  a ;  C2 (ao,ac) expresses t h e  f a c t  t h a t  f o r  oo  2 a,, t h e  phase 
t r a n s f o r m a t i o n  i s  s t r e s s  induced.  

The the rmoe las t i c  c h a r a c t e r  o f  t h e  m a r t e n s i t i c  t r a n s f o r m a t i o n  i n  c e r t a i n  systems i s  
r e f l e c t e d  a l s o  i n  t h e  s u p e r e l a s t i c i t y  o f  these m a t e r i a l s  ( F i g u r e  9 )  and l eads  t o  
shape memory e f f e c t s  as w e l l .  C l e a r l y ,  t h e  shape o f  t h e  s t r e s s - s t r a i n  curve i n  t he  
t h e r m o e l a s t i c  range con ta ins  i n f o r m a t i o n  about  t h e  c r i t i c a l  s t r e s s  a, and about t h e  
energy d i s s i p a t e d  p e r  s t r e s s  c y c l e .  I t  a l s o  i n d i c a t e s  t h a t  t h e  s t r o n g  ampl i tude de- 
pendence observed i n  t h e  t r a n s f o r m a t i o n  range i s  expected t o  go through a  maximum 
s ince  t h e  su r face  o f  t h e  h y s t e r e t i c  p a r t  cannot i nc rease  beyond f u l l  t r ans fo rma t i on  
o f  t h e  m a t e r i a l ,  whereas t h e  s t o r e d  e l a s t i c  energy can. The complete d e t a i l s  o f  t he  
m a t e r i a l  behav iour  depend s t r o n g l y  on t h e  m o b i l i t y  o f  t h e  i n t e r f a c e s  between p a r e n t  
phase and m a r t e n s i t e  and hence on t h e  thermomechanical h i s t o r y  o f  t h e  specimen, i . e .  
on t h e  p o i n t  de fec t  concen t ra t i on ,  t h e  d i s l o c a t i o n  d e n s i t y ,  t h e  g r a i n  boundary 
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c o n f i g u r a t i o n  and t h e  s t a t e  o f  o rde r .  As a  r e s u l t ,  t he  t rans fo rma t ion  temperature 
and t h e  damping l e v e l s  are  f r e q u e n t l y  found t o  va ry  cons ide rab l y  w i t h  ageing t ime 
and temperature. A f u l l  unders tand ing o f  these phenomena i s  s t i l l  l a c k i n g ,  a l though 
i t  i s  c l e a r l y  r e q u i r e d  n o t  o n l y  f rom a fundamental s c i e n t i f i c  p o i n t  o f  view, b u t  
a l s o  i f  one i s  t o  use these m a t e r i a l s  f o r  e i t h e r  t h e i r  shape-memory o r  t h e i r  h igh  
damping p r o p e r t i e s .  

I n  eqn. (3) ,  t h e  f i r s t  te rm i s  impor tan t  o n l y  a t  r e l a t i v e l y  low f requenc ies  and i n  
non- isothermal cond i t i ons ,  whereas the  second te rm reduces t o  zero  f o r  non-thermo- 
e l a s t i c  m a r t e n s i t i c  t rans fo rma t ions .  Yet, t he  i n t e r n a l  f r i c t i o n  s t i l l  e x h i b i t s  a  
c h a r a c t e r i s t i c  p a t t e r n  i n  t he  phase t rans fo rma t ion  temperature range f o r  T = 0  and 
f requenc ies  i n  t he  kHz range, w i t h  an ampl i tude dependence very  s i m i l a r  t o  t h a t  ob- 
served f o r  d i s l o c a t i o n  break-away. A q u a l i t a t i v e  d e s c r i p t i o n  o f  t h e  damping t o  be 
expected d u r i n g  a  f i r s t  o rde r  phase t rans fo rma t ion  has been r e c e n t l y  d e r i v e d  by 
Koshimizu us ing  t h e  Landau approach (33 ) .  Using a  Gibbs f r e e  energy f u n c t i o n  ( g )  
expanded i n  even powers o f  the v a r i a b l e s  a ( s t r e s s )  and 5 ( o r d e r  parameter) ,  up t o  a  
term i n  56, i t  i s  found t h a t  the most c h a r a c t e r i s t i c  aspects o f  t he  damping beha- 
v i o u r  can be ob ta ined  by making f u r t h e r  assumptions about t he  t ime dependence o f  t h e  
o r d e r  parameter, 5, i n  terms o f  t h e  a f f i n i t y  ( -  ag/aS) o r  i n  terms o f  a  h y s t e r e t i c  
catas t roph ic  dynamical behaviour s i m i l a r  t o  t he  one i n  a  d i s l o c a t i o n  break-away 
process. I n  t h i s  way t h e  v a r i a t i o n s  w i t h  temperature o f  t he  e l a s t i c  modulus and o f  
t h e  damping , the temperature h y s t e r e s i s  between hea t i ng  and cool  i ng runs and the  
ampl i tude dependence can be descr ibed i n  a  q u a l i t a t i v e  way ve ry  reasonably.  

Whereas most o f  the damping mechanisms discussed so f a r  a r e  t o  some e x t e n t  r e l a t e d  
t o  t h e  c r y s t a l l i n i t y  o f  t he  s o l i d  m a t e r i a l ,  amorphous m a t e r i a l s  have s ince  l o n g  been 
recognized t o  be amongst t he  most h i g h l y  damping ones. I n  c o n t r a s t  w i t h  c r y s t a l l i n e  
mat ter ,  t h e  d i s t r i b u t i o n  o f  r e l a x a t i o n  t imes governing t h e  i n t e r n a l  f r i c t i o n  beha- 
v i o u r  i n  amorphous s o l i d s  i s  u s u a l l y  much w ide r .  Furthermore, f o r  t he  f r e q u e n t l y  
most prominent  abso rp t i on  peak, cor responding w i t h  t h e  so -ca l l ed  g lass  t r a n s i t i o n ,  
where ex tens i ve  v i s c o u s l y  damped molecu lar  mot ion becomes poss ib le ,  t he  temperature 
dependence o f  t h e  r e l a x a t i o n  t ime can u s u a l l y  n o t  be descr ibed by an Ar rhen ius- type 
of r e l a x a t i o n .  Rather,  one has t o  take i n t o  account a l s o  t h e  temperature dependence 
of t he  f r e e  volume i n  these n o n - c r y s t a l l i n e  s o l i d s .  As a  r e s u l t ,  t he  r e l a x a t i o n  
t ime as a  f u n c t i o n  o f  temperature i s  g iven by an express ion o f  t he  form (34) :  

I n  t h i s  r e l a t i o n ,  T i s  a  s u i t a b l y  chosen re fe rence  temperature. I f  Tr,f i s  taken 
as the  g lass  t rans iE7on temperature, C 1  and C2 are  found t o  be f a i r l y  u n ~ v e r s a l  
constants  f o r  a  l a r g e  number o f  amorphous polymers ( 3 4 ) .  Eqn. ( 4 )  shows t h a t  t he  
r e l a x a t i o n  t ime decreases s t e e p l y  w i t h  temperature b u t  w i t h  a  non-constant e f f e c t i v e  
a c t i v a t i o n  en tha lpy .  Never the less,  a  t ime-temperature correspondence remains v a l i d  
here too, and a n e l a s t i c  data  ob ta ined  a t  one frequency-temperature can be t r a n s l a t e d  
t o  o t h e r  values o f  f requency and/or temperature p rov ided  a  master curve such as 
g i ven  by eqn. ( 4 )  i s  a v a i l a b l e .  

A t y p i c a l  damping spectrum f o r  an amorphous polymer i s  shown schemat i ca l l y  i n  
F igu re  9, t oge the r  w i t h  r e s u l t s  ob ta ined  on p o l y - v i n y l  idene f l u o r i d e  (35)  t o  i n d i c a -  
t e  t h e  s i m i l a r i t y  as w e l l  as t h e  i n c r e a s i n g  comp lex i t y  r e s u l t i n g  f rom the  coex i s ten -  
ce o f  bo th  amorphous and c r y s t a l l i n e  f r a c t i o n s .  Also shown i s  t he  damping spectrum 
obta ined w i t h  coa l ,  con f i rm ing  the  macromolecular cha rac te r  o f  t he  coa l  s t r u c t u r e  
(36 )  

A temperature dependent a c t i v a t i o n  en tha lpy  as i m p l i e d  i n  eqn. ( 4 )  i s  a l s o  observed 
i n  m e t a l l i c  glasses; by us ing  a  s imple  l i n e a r  temperature dependence f o r  t h e  a c t i v a -  
t i o n  entha lpy ,  B e r r y  (37)  has i n d i c a t e d  t h a t  i t  i s  p o s s i b l e  t o  r a t i o n a l i z e  an o t h e r -  
wise i r r e a l i s t i c  va lue o f  1 0 - ~ 5  s  f o r  t he  pre-exponent ia l  f a c t o r  T, appearing i n  
t he  s tandard Ar rhen ius  r e l a t i o n .  



6 - CONCLUSION 

I n  c o n t r a s t  w i t h  most o f  the low damping l e v e l  phenomena, i n  t he  case o f  t he  va r ious  
processes l e a d i n g  t o  h i g h  damping l e v e l s  t h e  t h e o r e t i c a l  bas is  i s  much l e s s  w e l l  de- 
veloped and a l s o  the  exper imenta l  data  base i s  much more sk inny.  Th is  i s  s u r p r i s i n g ,  
s ince  a p p l i c a t i o n s  o f  t he  damping p r o p e r t i e s  o f  m a t e r i a l s  a re  based p r e c i s e l y  on 
h i g h  damping l e v e l s .  I n  recen t  years,  however, more and more phys i ca l  processes have 
been i d e n t i f i e d  and conf i rmed expe r imen ta l l y ,  and i t  i s  t o  be expected t h a t  a l s o  the  
t h e o r e t i c a l  a n a l y s i s  w i l l  soon be p u t  on a b e t t e r  f o o t i n g .  I n  t h i s  way, a b e t t e r  
unders tand ing o f  t h e  e f f e c t  o f  t h e  va r ious  i n t e r n a l  and e x t e r n a l  parameters on t h e  
observed damping l e v e l s  and on t h e i r  s t a b i l i t y  can be expected. Th i s  w i l l  then a l l o w  
more p o s s i b i l i t i e s  f o r  i n d u s t r i a l  a p p l i c a t i o n s  o f  these m a t e r i a l  p r o p e r t i e s  t o  be 
designed proper1 y . 
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F i g .  1 - Schematic r e p r e s e n t a t i o n  o f  
systems damping, s t r u c t u r a l  damping 
and m a t e r i a l s  damping. 

F i g .  2 - The a peak i n  a Mo s i n g l e  
c r y s t a l ,  deformed 3 % a t  493 K (12) .  



Fig. 3 - Schematic representat ion of the e f f e c t  of temperature, ampli tude, frequency 
and f i e l d  s t rength on magnetomechanical damping. 

Fig. 4 - Hysteresis loop-shape and Fig. 5 - Effect  of thermal t r e a t -  
f i e l d  dependence of as  observed ment (583 K )  and measurement atmos- 
i n  a Ni-Co a l loy  ( Q G  i s  the maximum phere on the peak shape and peak 
damping as  measured as  a function of posi t ion i n  an A1 - 5 % Mg a l loy  
s t r a i n  amplitude) ( 1 9 ) .  (21)  - 
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Fig. 6 - Temperature dependence of i n t e r -  
nal f r i c t i o n  i n  NbH0.94 (24) .  

Fig. 8 - Internal f r i c t i o n  i n  Mn - 12 % 
C u  quenched from 900°C ( 2 5 ) .  

Fig. 7 - Coherent twin boundary :'n 
NbH (24) .  
x,o ' H  atoms a t  e levat ion z = 1/4, 

z = 3/4;  
e , O  Nb atoms a t  e levat ion z = 1/2, 

z = 0 .  

Fig.  9 - Supere las t i c i ty  i n  s ing le  
c rys ta l  Cu-Zn-A1 (38) .  

Fig. 10 - Internal  f r i c t i o n  i n  ( a )  amorphous nylon 6 (35) ,  ( b )  bituminous coal (36) 
and ( c )  sen:icrystall  in,? PVDF ( 3 5 ) .  


