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AFTER DINNER COMMENTS AT 8TH INTERNATIONAL CONFERENCE ON INTERNAL 
FRICTION 

C. ZENER 

Carnegie Mellon University, Science Hall, 8315, Schenley Park. 
Pittsburgh, Pennsylvania 15213, U.S.A. 

I am happy f o r  t h i s  oppor tun i t y  t o  share w i t h  you my e a r l y  memories of i n t e r n a l  
f r i c t i o n .  I v i v i d l y  remember one spr ing  day, exact ly  f i f t y  years ago, i n  1935, 
s i t t i n g  a t  a workbench i n  t h e  Wayman Crow Physics Laboratory o f  Washington 
Univers i ty ,  St. Louis. Before me was an a r t i c l e  i n  t h e  cu r ren t  issue o f  Physics, a 
journal  which changed t h e  f o l l o w i n g  year i n t o  t h e  Journal o f  Appl ied Physics. I n  
order t o  expla in  my reac t ion  t o  t h e  a r t i c l e  before me, I must say a few words about 
my background. The two men who had t h e  greatest  i n f luence  on my l i f e  were 
Oppenheimer and Bridgman. A f t e r  spending an e n t i r e  day w i t h  Oppenheimer, several 
years prev ious ly ,  I had recognized t h e  f u t i l i t y  o f  competing i n  research areas 
dominated by minds o f  h i s  ca l ibe r .  Rather than attempting t o  advance t h e  
fundamental laws o f  physics, I must conf ine myself t o  exp la in ing  puzz l ing  physical 
phenomena i n  terms o f  known laws o f  physics. Towards t h i s  end I assiduously 
searched f o r  puzz l ing  phys ica l  phenomena i n  a l l  current  issues o f  B r i t i s h ,  German 
and U.S. physics journals. Through h i s  courses a t  Harvard, Bridgman had t ransmi t ted  
t o  me h i s  own fasc ina t ion  w i t h  thermodynamics. To those o f  you who are not 
phys ic is ts ,  I i n t e r j e c t  t h a t  thermodynamics deals w i t h  t h e  i n t e r a c t i o n  between t h e  
thermal and t h e  dynamical p roper t ies  o f  matter. 

Here before me was an a r t i c l e  by Wegel and Walthers o f  the  B e l l  Telephone 
Laboratory. I t s  t i t l e  was " In te rna l  D iss ipa t ion  i n  Sol ids f o r  Small Cyc l i c  
Strains." They presented measurements on t h e  i n t e r n a l  f r i c t i o n  o f  many metals over 
a wide range o f  frequency, and over a range o f  temperature. They concluded t h a t  
each metal had a c h a r a c t e r i s t i c  i n t e r n a l  f r i c t i o n ,  and t h a t  t h i s  was on ly  m i l d l y  
dependent on frequency. They gave no i n t e r p r e t a t i o n  o f  t h e i r  measurements. C lear l y  
t h e  mechanism o f  conversion o f  t h e  energy o f  v i b r a t i o n  i n t o  heat was a complete 
mystery. Suddenly my thermodynamic i n t e r e s t  provided some i n s i g h t ,  and came t o  my 
rescue. As a metal p e r i o d i c a l l y  compresses and expands, i t s  temperature must 
p e r i o d i c a l l y  r i s e  and f a l l .  The inhomogeneity o f  t h e  p e r i o d i c  stresses w i t h i n  a 
v i b r a t i n g  specimen thereby induce per iod ic  temperature f l uc tua t ions ,  and hence t o  
f l u c t u a t i n g  thermal currents. It i s  t h i s  cont inual  f l ow o f  heat t h a t  causes 
i n t e r n a l  f r i c t i o n .  

The e x c i t i n g  fea tu re  o f  t h i s  i n t e r p r e t a t i o n  o f  one source o f  i n t e r n a l  f r i c t i o n  
was t h a t  i t  could be p rec ise ly  ca lcu lated.  At very low frequencies t h e  v i b r a t i o n s  
would be e s s e n t i a l l y  isothermal,  no thermal gradient.  At very h igh frequencies t h e  
v ib ra t ions  would be adiabat ic ,  no thermal flow. Only a t  in termediate frequencies, 
where we have both s i g n i f i c a n t  temperature f l u c t u a t i o n s  and s i g n i f i c a n t  thermal 
f lux,  does one a n t i c i p a t e  h igh i n t e r n a l  f r i c t i o n .  

A f t e r  two years my students confirmed t h a t  i n  a t ransversely  v i b r a t i n g  reed 
heat currents  f lowing back and f o r t h  across the  reed do indeed g ive  r i s e  t o  t h e  
p red ic tab le  i n t e r n a l  f r i c t i o n .  The p l o t  o f  t h e  i n t e r n a l  f r i c t i o n  gave a maximum 
j u s t  a t  t h e  predic ted frequency, and t h i s  maximum had j u s t  t h e  predic ted height. 
Just  a t  t h i s  t ime Bennewitz and Rotger publ ished an a r t i c l e  i n  t h e  Physikal ische 
Z e i t s c h r i f t ,  g i v i n g  t h e i r  measurements on t h e  i n t e r n a l  f r i c t i o n  o f  wi res v i b r a t i n g  
transversely. We were o f  course de l igh ted  t o  see t h a t  they were mys t i f i ed  by t h e  
peak i n  t h e i r  measurements vs. frequency. 
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Here I i n j e c t  a few comments t o  g i v e  you some idea  o f  what were t h e  f a c t s  o f  
l i f e  f o r  a p h y s i c i s t  i n  t hose  depress ion years.  For  a h i g h e r  s a l a r y ,  I t r a n s f e r r e d  
from Washington U n i v e r s i t y  t o  C i t y  Co l l ege  o f  New York C i t y ,  w i t h  15 hours  o f  
t each ing  each week. On a r r i v a l  I exp la ined  my research p lans  t o  t h e  Head of t h e  
Physics Department. He exp la ined  t h a t  t h e  c i t y  p rov ided  no funds f o r  research, b u t  
t h a t  i f  I obta ined o u t s i d e  funds f o r  equipment, he would f i n d  a room i n  which I 
cou ld  work. Those days were b e f o r e  t h e  Na t i ona l  Science Foundat ion,  even b e f o r e  t h e  
O f f i c e  o f  Naval Research. F o r t u n a t e l y  t h e  Eng ineer ing  Foundat ion  was i n t e r e s t e d  i n  
my p lans  f o r  f i n d i n g  t h e  v a r i o u s  sources f o r  i n t e r n a l  f r i c t i o n  i n  metals.  They 
donated $500 t o  equ ip  an i n t e r n a l  f r i c t i o n  l abo ra to ry .  On h e a r i n g  t h e i r  good news 
my Department Head guided me th rough  a l o n g  c o r r i d o r .  At i t s  end he p o i n t e d  t o  a 
door  and sa id ,  "That room has n o t  been used f o r  many years .  I t ' s  yours." The door  
was l a b e l l e d  WOMEN. Next day, I spent my f i r s t  $2 t o  cover  up t h a t  l a b e l  w i t h  a 
s i g n  METALS RESEARCH LABORATORY, t h e  o n l y  research l a b o r a t o r y  i n  Phys ics  i n  CCNY a t  
t h a t  t ime.  

The nex t  two yea rs  were spent i n  demonst ra t ing  t h e  ex i s tence  o f  i n t e r -  
c r y s t a l l i n e  thermal cu r ren ts .  I n  o r d e r  t o  avo id  t h e  i n t e r n a l  f r i c t i o n  due t o  
t r a n s v e r s e  thermal  c u r r e n t s ,  we employed l o n g i t u d i n a l  v i b r a t i o n s .  The frequency 
range which separated i so the rma l  f rom a d i a b a t i c  v i b r a t i o n  now depended upon g r a i n  
s ize .  Our exper iment t h e r e f o r e  r e q u i r e d  a s e t  o f  specimens, a l l  o f  t h e  same 
m a t e r i a l  bu t  o f  w i d e l y  d i f f e r i n g  g r a i n  s i ze .  The M e t a l l u r g y  Department o f  Columbia 
U n i v e r s i t y  t o l d  me t h e r e  was o n l y  one m e t a l l u r g i s t  i n  t h e  coun t r y  who would t a k e  t h e  
t r o u b l e  t o  prepare  such a s e t  o f  specimens, namely C y r i l  S tan ley  Smith of t h e  
American Brass Company. My f a v o r i t e  s t o r y  i s  how a t  t h e  nex t  M e t a l l u r g i c a l  Soc ie t y  
meet ing  I in t roduced  myse l f  t o  t h i s  gentleman, i n v i t e d  him t o  a bar ,  and w h i l e  under  
t h e  i n f l u e n c e  o f  l i q u o r ,  he  promised t o  prepare  t h e  d e s i r e d  s e t  o f  specimens. 
W i t h i n  two yea rs  C y r i l  had prepared t h e  d e s i r e d  specimens, my c o l l a b o r a t o r s  Randal l  
and Rose had made t h e  d e s i r e d  measurements, and o u r  p e r f e c t  c o r r e l a t i o n  o f  
exper iments w i t h  t h e o r e t i c a l  p r e d i c t i o n s  had been publ ished. Our Me ta l s  Research 
Labo ra to ry  was o f f  t o  a good s t a r t .  

T h i s  good s t a r t  was sha t te red  one day by a v i s i t  by Paul Anderson, head o f  
Phys ics  Department a t  Washington S ta te  U n i v e r s i t y .  He had j u s t  been a s k i n g  
Bridgman's adv ice  on whom t o  ask t o  f i l l  a pos t  a t  h i s  department. Bridgman had 
appa ren t l y  been f a s c i n a t e d  w i t h  how I was a p p l y i n g  h i s  thermodynamic p r i n c i p l e s  t o  
metals,  and had recommended me. I t h e n  moved t o  Washington State.  

C y r i l  Smith con t i nued  t o  supp ly  me w i t h  t h e  requested specimens. One specimen, 
a s i n g l e  c r y s t a l  b a r  o f  a lpha brass,  deserves s p e c i a l  mention. The purpose o f  t h i s  
specimen was t o  demonstrate t h a t  i n  t h e  absence o f  a l l  thermal  c u r r e n t s  t h e  i n t e r n a l  
f r i c t i o n  dou ld  be ex t remely  low. And i t  was, l e s s  t han  1% o f  t h e  peak va lue  o f  
p o l y c r y s t a l l i n e  brass.  A nagging ques t i on  was: What was t h e  o r i g i n  o f  t h i s  smal l  
r e s i d u a l  i n t e r n a l  f r i c t i o n ?  Devoid o f  any i n s p i r a t i o n ,  I wondered what would happen 
i f  I r a i s e d  t h e  temperature.  Not s u r p r i s i n g l y  t h e  i n t e r n a l  f r i c t i o n  increased as 
t h e  temperature  was ra ised.  Obv ious ly  t h e  c r y s t a l  was m a n i f e s t i n g  v i scous  behav ior ,  
and t h e  i n t e r n a l  f r i c t i o n  would con t i nue  t o  i nc rease  w i t h  r i s i n g  temperature.  I 
never  w i l l  f o r g e t  l a t e  one n i g h t  when I was push ing t h e  temperature  h i g h e r  t h a n  ever 
before .  As t h e  temperature  passed 400°C, t h e  i n t e r n a l  f r i c t i o n  began t o  dec l i ne .  
As t h e  temperature  approached 600°C, t h e  i n t e r n a l  f r i c t i o n  approached t h e  o r i g i n a l  
very  l ow  room temperature  value. Th i s  was no v iscous behav ior .  Here was c l e a r l y  a 
new unknown behavior.  T h i s  behav ior  remained a mystery  u n t i l  seve ra l  yea rs  l a t e r  
when I lea rned  o f  Snoek's work on carbon i n  i r o n .  Snoek had i n t e r p r e t e d  h i s  
i n t e r n a l  f r i c t i o n  peak as a r i s i n g  f rom t h e  t e t r a g o n a l  l a t t i c e  d i s t o r t i o n  i n  i r o n  
caused by d i s s o l v e d  carbon atoms. Obv ious ly  a p a i r  o f  ne ighbo r i ng  z i n c  atoms 
produces a s i m i l a r  t y p e  o f  t e t r a g o n a l  d i s t o r t i o n  i n  t h e  copper l a t t i c e .  

Du r i ng  my s t a y  a t  Washington S t a t e  U n i v e r s i t y  I ran  across t h e  1920 work o f  
Raman on t h e  i n e l a s t i c  behav io r  o f  l a r g e  g lass  p l a t e s  when s t r u c k  by ha rd  s t e e l  
spheres. Raman dropped s t e e l  b a l l s  on to  l a r g e  h o r i z o n t a l  p l a t e s  suppor ted a t  t h e i r  
boundar ies,  and measured t h a t  f r a c t i o n  o f  t h e i r  o r i g i n a l  h e i g h t  t o  which t h e y  would 
rebound. That f r a c t i o n  he c a l l e d  t h e  c o e f f i c i e n t  o f  r e s t i t u t i o n .  Raman found t h e  
c o e f f i c i e n t  o f  r e s t i t u t i o n  approached u n i t y  as t h e  drop h e i g h t  approaches zero, b u t  



r a p i d l y  decreased exponent ia l ly  as t h e  drop height  was increased. For small drop 
heights  Ramants observat ions agreed p e r f e c t l y  w i t h  h i s  theory, b u t  r a p i d l y  diverged 
a t  increasing drop heights. I found t h a t  complete agreement o f  theory w i t h  Raman's 

experiments f o r  a1 l drop heights  could be obtained by c o r r e c t l y  apply ing Newton's 
concept of ac t ion  and react ion,  namely t h a t  the fo rce  t h e  b a l l  exer ts  on t h e  p l a t e  
i s  equal t o  t h e  fo rce  t h e  p l a t e  exer ts  on t h e  b a l l .  

My a r t i c l e ,  "The I n t r i n s i c  I n e l a s t i c i t y  o f  Large Plates," appeared s i x  months 
before Pearl  Harbor. A  month a f t e r  Pearl Harbor t h e  Watertown Arsenal i n  Boston 
asked me t o  j o i n  t h e i r  s t a f f .  They were responsible f o r  the  design o f  armor p l a t e  
and o f  armor p i e r c i n g  p r o j e c t i l e s .  

Surp r i s ing ly ,  t h e  simple p r i n c i p l e s  I had learned from analyz ing Raman's 
experiments o f  s tee l  b a l l s  and glass p la tes  turned out  t o  be d i r e c t l y  app l i cab le  t o  
some o f  t h e i r  problems. Take Newton's p r i n c i p l e  o f  ac t ion  and react ion.  It had 
d i r e c t  app l i ca t ion  t o  pene t ra t ion  o f  armor by p r o j e c t i l e s .  Montgomery was f i g h t i n g  
Rommel i n  t h e  A f r i can  desert.  He found h i s  ant i - tank guns, so e f f e c t i v e  against  
Rommel ' S  tanks a t  long range, would no t  penetrate t h e  same tank armor a t  c lose 
range. The answer: a t  c lose range Montgomery's armor-piercing she1 l S were moving 
a t  such a  h igh  v e l o c i t y  t h a t  they exerted an espec ia l l y  h igh  fo rce  upon t h e  armor, 
and by Newton's law the  armor p l a t e  exerted an espec ia l l y  h igh  f o r c e  upon t h e  
she l l s ,  so h igh  t h a t  t h e i r  f r o n t  end p l a s t i c a l l y  deformed and then e s s e n t i a l l y  
splashed against  t h e  armor. Short term correct ion:  Lower t h e  ve loc i t y .  Long term 
cor rec t ion :  Harden the  f r o n t  p o r t i o n  o f  t h e  p r o j e c t i l e .  

For another example, remember t h e  importance f o r  i n t e r n a l  f r i c t i o n ,  whether we 
are deal ing w i t h  isothermal o r  ad iaba t i c  deformation, o r  w i t h  a  mixture o f  t h e  
two. The a b i l i t y  o f  armor p l a t e  t o  r e s i s t  penetrat ion by a  p r o j e c t i l e  i s  
d r a s t i c a l l y  weakened because o f  t h e  ad iaba t i c  nature o f  i t s  p l a s t i c  deformation. 
The at tack by a  p r o j e c t i l e  i s  so r a p i d  t h a t  the re  i s  no t ime f o r  t h e  escape o f  t h e  
heat generated 'by p l a s t i c  deformation. The s t ress  necessary t o  mainta in  cont inued 
shear deformation i n  a  metal c o n t i n u a l l y  increases i f  the  deformation i s  isothermal,  
but  reaches a  maximum, and t h e r e a f t e r  becomes smaller,  i f  the  deformation i s  
ad iabat ic .  Once t h i s  maximum i s  reached, a l l  f u r t h e r  p l a s t i c  shear takes p lace 
along the  surface o f  maximum temperature. I n  t h e  case o f  a  p l a t e  attacked by a  
p r o j e c t i l e ,  t h i s  surface forms a  cy l inder ,  w i t h  a  molten boundary between it and the  
r e s t  o f  t h e  p la te.  

The basic  problem f o r  p r o j e c t i l e s  and f o r  armor p l a t e  was t h e  same. We had t o  
lea rn  t o  make s tee l  p r o j e c t i l e s  so s t rong t h a t  they could penetrate any armor they 
attacked. We had t o  make s tee l  armor so s t rong t h a t  i t  would r e s i s t  penetrat ion by 
any p r o j e c t i l e .  At t h a t  t ime  meta l lurgy was an a r t .  To achieve our des i red 
m i l i t a r y  goal, meta l lurgy had t o  become a  science. Cl ea r l y  i n t e r n a l  f r i c t i o n  
furn ishes an invaluable t o o l  i n  t h i s  t ransformat ion from an a r t  t o  a  science. I n  
1945 we a t  t h e  Watertown Arsenal sent a  se r ies  o f  papers t o  t h e  American I n s t i t u t e  
of Mining and Meta l lu rg ica l  Engineers d i rec ted  towards t h i s  goal. As t h e  war was 
coming t o  an end, C y r i l  Smith i n v i t e d  me t o  j o i n  him a t  the  U n i v e r s i t y  o f  Chicago. 
There he was forming an I n s t i t u t e  f o r  t h e  Study o f  Metals. This would indeed be an 
i d e a l  place t o  ca r ry  out  my plans. 

We were able t o  a t t r a c t  a  group o f  outstanding young post  docts. T ing 
Sui Ke, coming from the  MIT Radiat ion Laboratory, per fected the  t o r s i o n  pendulum 
system o f  measuring ane las t i c  e f f e c t s ,  and used t h i s  mechod t o  demonstrate many new 
phenomena. The viscous behavior o f  g ra in  boundaries deserves specia l  mention. Upon 
h i s  re tu rn  t o  China, Ke b u i l t  up a  s t rong a c t i v i t y  con t inu ing  h i s  exce l len t  Chicago 
work. 

C h a r l i e  Wert, from Iowa Un ivers i t y ,  was q i c k  t o  recognize t h e  a p p l i c a t i o n  t o  
meta l lurgy science o f  t h e  carbon peak i n  iron.' He accurate ly  measured t h e  d i f f u s i o n  
c o e f f i c i e n t  o f  carbon i n  a i r o n ,  as we1 l as the  growth ra tes  o f  i ron-carb ide 
p r e c i p i t a t e  p a r t i c l e s ,  and r e l a t e d  these measured q u a n t i t i e s  t o  bas ic  phys ica l  
concepts, and t o  t h e  problem o f  hardening o f  s tee l .  He t r a n s f e r r e d  t o  Urbana and 
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t h e r e  he t r a i n e d  an outs tanding group o f  research p h y s i c i s t s  t o  cont inue s o l v i n g  
m e t a l l u r g i c a l  problems. 

Ar thur  Nowick, from Columbia, was espec ia l l y  s t i m u l a t i n g  f o r  h i s  ins is tence  on 
vigorous t h i n k i n g  about metal l u r g i c a l  problems. I n  p a r t i c u l a r  he demonstrated how 
t o  measure changes i n  vacancy concentrat.ion by measuring t h e  i n t e r n a l  f r i c t i o n  due 
t o  induced p a i r  o r i e n t a t i o n  o f  s o l u t e  atoms. His review a r t i c l e s ,  cu lminat ing i n  
h i s  book Ane las t i c  Relaxat ion i n  C r y s t a l l i n e  Sol ids,  has con t r ibu ted  g r e a t l y  t o  
spreading t h e  use o f  a n e l a s t i c  measurements throughout t h e  m e t a l l u r g i c a l  world. He 
has a l s o  con t r ibu ted  through h i s  students, f i r s t  a t  Yale, then a t  Columbia. 

D i j k s t r a ,  coming from Snoek's group a t  t h e  Eindhoven P h i l l i p s  Lab, brought us 
t h e  va luable experience o f  t h i s  group. I n  p a r t i c u l a r ,  h i s  p ioneer ing work s tudy ing 
n i t rogen  i n  i r o n  has encouraged many more recent works i n  t h i s  area. David Lazarus 
and Ron Sladek, then graduate students a t  Chicago, were unique a t  p r o f i t i n g  from 
t h i s  outstanding s t a f f .  

Those o f  you who knew me a t  Chicago d i d  no t  l e a r n  t o  respect my experimental 
a b i l i t y .  I there fo re  wish t o  t e l l  a s t o r y  o f  an experiment which I chal lenge you t o  
repeat more accurately. I have spoken o f  s tee l  b a l l s  dropping on glass p la tes,  of 
p r o j e c t i l e s  s t r i k i n g  armor p la tes.  My s t o r y  r e l a t e s  t o  heads c o l l i d i n g  w i t h  g lass 
windshields. This  sp r ing  I was t r a v e l l i n g  along a s i x - lane  highway j u s t  south o f  
Phoenix, 3 lanes going east separated by a 30 ft wide s t r i p  from 3 lanes going 
west. The center o f  t h i s  30 ft. gap has a s t rong  3 ft. h igh  b a r r i e r .  I was i n  t h e  
center lane t r a v e l l i n g  east a t  t h e  commuting speed o f  50 mph. Suddenly I saw from 
t h e  l e f t  corner o f  my eyes a ca r  10 ft. away sp inning on gravel and on a c o l l i s i o n  
course w i t h  me. I d i d  no t  see t h e  c o l l i s i o n ,  I d i d  n o t  hear t h e  c o l l i s i o n ,  nor  d i d  
I f e e l  my head s t r i k e  t h e  windshield. I d i d  remember saying C h r i s t !  The good Lord 
thought I meant t o  pray f o r  help, and guided my car  s t r a i g h t  ahead. Knowning how 
f a r  away t h e  c o l l i d i n g  c a r  was i n  my unerased memory, and how f a s t  I was going, I 
ca lcu la ted  t h a t  100 mi l l iseconds o f  memory was erased by t h e  head-wi ndshie l  d 
c o l l i s i o n .  T ing Sui Ke, C h a r l i e  Wert, A r thur  Nowick, David Lazarus, and Ron Sladek, 
I now chal lenge you t o  devise an experiment measuring how many mi l l i seconds  o f  
memory a blackout erases, w i t h  t h e  cons t ra in t  t h a t  your head not  be i n j u r e d  n e i t h e r  
i n s i d e  o r  out. 


