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The radiant energy emitted from electrolytic tough pitch copper during plastic tensile elon- 
gation was recorded with a photoconductive detection system sensitive to wavelengths from 
2 to 30 pro. Radiation measurements were made while Cu samples were deformed at strain 
rates from 0.56 to 172 s -I. Abrupt changes in emission were correlated with the intermit- 
tent plastic action of Lfiders bands. It is emphasized that the measurements were of the 
differences in radiation emitted by nearby points on a sample. The differences in the emit- 
ted radiation were due to the inhomogeneous nature of the deformation. A new calibration 
technique is described that accounts for the optical effects of changes in surface topography 
and the thermal radiating characteristics of a metal that arise during plastic deformation. 
This calibration technique was used to associate temperature differences with the radiation 
measurements and the localized nature of the plasticity. Temperature differences were ob- 
served at low average strains that were large enough to imply crack nucleation. Changes 
in the inhomogeneous temperature-strain data occur at the critical strains that have been 
reported for many metals. This correlation is very clear at the critical strains of 1.5, 7.5 
and 16.4 pct. Whether or not there are real changes at the other critical strains is more 
speculative. 

T H E R E  have been n u m e r o u s  inves t iga t ions  of t h e r m a l  
changes dur ing  the p las t ic  de fo rmat ion  of meta l s ,  but 
these have a lmos t  i nva r i ab ly  deal t  with the average  
t e m p e r a t u r e  change. The accompanying  ana lyses  have, 
the re fore ,  been p r i m a r i l y  des igned to re la te  the m e -  
chanical  work done with the r e s u l t a n t  hea t ing  and to 
make an ene rgy  ba lance .  However,  there  is often as 
much or  more  i n t e r e s t  in the loca l ized  t h e r m a l  changes 
that develop as there  is in average  t e m p e r a t u r e  changes.  
The i n t e r e s t  in the loca l ized  changes is p rac t i ca l ly ,  as 
well  as academica l ly ,  mot ivated  s ince  phys ica l  p r o p e r -  
t ies  dur ing  de format ion  depend on the t h e r m a l  state,  
r a the r  than on the average  t e m p e r a t u r e ,  of the de f o r m-  
ing m a t e r i a l .  

Tl~ere have been a l imi ted  n u m b e r  of m e a s u r e m e n t s  
of t e m p e r a t u r e  changes in p las t ic  zones .  Most of these 
obse rva t ions  have been made on s amp le s  subjec ted  to 
ex tens ive  shea r  deformat ion  s i m i l a r  to those found in 
the mach in ing  p roces s .  In these  s i tua t ions ,  the s t r a i n  
occur s  within the sample ,  and there  a re  often o b s t r u c -  
t ions  that p reven t  t h e r m a l  m e a s u r e m e n t s  as d e f o r m a -  
t ion occu r s .  In spite of these d i f f icul t ies ,  E r d m a n n  and 
Jahoda 1 developed an ingenious  method for  i nves t iga t -  
ing i n c r e m e n t a l  t h e r m a l  s igna l s  developed within t en -  
s i le  spec imens .  With in fo rma t ion  gained f rom t h e r m a l  
s e n s o r s  on opposite ends of the spec imen ,  they were 
able to d e t e r m i n e  the locat ion of the p las t ic  zone in 
the sample  in addit ion to the shape of the t h e r m a l  
pulse .  Uncer t a in ty  in the de ta i l s  of the p las t ic  zone, 
such as i ts  width and or ien ta t ion ,  p rec luded  i ts  accu-  
ra te  t e m p e r a t u r e  de t e rmina t i on .  Nadai and Manjoine 2 
r epor t ed  the m e a s u r e m e n t  of a loca l ized  t e m p e r a t u r e  
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change that is p a r t i c u l a r l y  r e l evan t  to this paper .  In 
the i r  expe r imen t ,  they m e a s u r e d  a m a x i m u m  t e m p e r a -  
tu re  change of 43~ in the neck of an i ron  sample  e lon -  
gated to f r a c t u r e .  Unfor tunate ly ,  only one m e a s u r e m e n t  
was repor ted ,  and appa ren t ly  no a t tempt  was made to 
pursue  the study. While the inves t iga t ions  r e f e r e n c e d  
above may not have fu rn i shed  the comple te  de ta i l s  of 
loca l ized  heat ing  r e q u i r e d  for  al l  pu rposes ,  they v e r y  
c l e a r l y  indicate  that  there  can be subs t an t i a l  d i f f e r -  
ences  in the loca l ized  and average  heat ing,  even d u r -  
ing t ens i l e  e longat ion .  

Here,  the purpose  has been  to develop an i n f r a r e d  
(IR) m e a s u r i n g  technique that can be used to mon i to r  
the deve lopment  of t h e r m a l  changes at opera t ive  p l a s -  
tic zones .  The technique depends on r e c o r d i n g  the 
change in i n f r a r e d  rad ia t ion  emi t t ed  by a sample  as 
it  de fo rms  and r e l a t i n g  the r eco rded  in fo rma t ion  to 
the changes in the t h e r m a l  s ta te  of the sample .  This  
is not the f i r s t  t ime  that this  technique has been  used 
to inves t iga te  t h e r m a l  changes dur ing  p las t i c  d e f o r m a -  
tion. There  was one paper  publ ished before ,  and s e v -  
e r a l  have been publ i shed  s ince ,  this  work began,  s-8 
However,  in each case ,  the e m p h a s i s  was on the a v e r -  
age change in t h e r m a l  s ta te ,  while here ,  the r e p o r t  is 
of, what is be l ieved  to be, the f i r s t  appl ica t ion  of the 
technique to the d i r ec t  m e a s u r e m e n t  of loca l ized  t h e r -  
mal  changes .  In genera l ,  p rev ious  s tud ies  of hea t ing  
dur ing  de fo rma t ion  that  have been  made with the i n -  
f r a r e d  technique have met  with l imi t ed  s u c c e s s .  Hence,  
pa r t  of this inves t iga t ion  has n e c e s s a r i l y  deal t  with 
data  i n t e r p r e t a t i on .  Since these c o n s i d e r a t i o n s  a re  
new, they a re  p r e s e n t e d  in modera te  de ta i l  in an Ap- 
pendix.  

RADIATION DETECTION SYSTEM 

There are at least two good reasons for resorting 
to an infrared radiation detection technique for inves- 
tigating thermal changes during plastic deformation. 
First, it is a noncontact measuring technique, and 
secondly, most of the thermal radiation emitted by a 
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solid is in the infrared. For example, a black body 
radiates at room temperature with Planck's spectrum 
and with a maximum intensity at a wavelength of ap- 
proximately i0 ~m. The radiation from a metal is es- 
sentially the same except as modified by the spectral 
emissivity of the metal. 

In preliminary considerations, it was expected that 
various thermal studies would eventually be pursued. 
The range of experimentation envisioned specified 
that the detection system should have a microsecond 
response, be sensitive to temperature changes of only 
a few degrees and resolve at least 0.025 cm. It was 
found that these features were only attainable by using 
the fullest capabilities of currently available detectors. 
Consequently, all the detectable energy was recorded 
in this work to maximize sensitivity, and the changes 
in surface topography through plastic deformation were 
taken into special account. 

The detection system is shown in Fig. i. A Cu doped 
Ge (Ge:Cu) single crystal semiconductor was used to 
sense the changes in radiation. This detector responds 
to radiation with wavelengths between 1.8 and 30 ~m 
and is, therefore, sensitive to the radiation that is pre- 
dominantly emitted at room temperature. A character- 
istic of Ge:Cu detectors is that they only function at 
temperatures below 20 K. This accounts for the liquid 
He dewar positioned over the detector. The pair of 
mirrors under the detector were relied upon to collect 
enough radiation to give signals above noise for the 
other system characteristics that were considered de- 
sirable. These included a 5.6 x I0 -4 cm 2 field of view 
and a 3.5 x 104 Hz electrical bandwidth. With these de- 
sign parameters, there was a minimum detectable 
black body temperature of 0.11~ The samples stud- 
ied were placed at the focal point of the mirror sys- 
tem, and this condition was essentially preserved 
throughout deformation. 

MEASURED INHOMOGENEOUS THERMAL 
CHANGES DURING DEFORMATION 

Material 

Electrolytic tough pitch copper was used throughout 
this work. The nature of this material is partially doc- 
umented with the stress strain curve shown in Fig. 2. 
The surfaces to be observed with the infrared detec- 
tion system were cleaned within two days of testing by 
grinding with 600 grit silicon carbide under cool tap 
water. Once prepared, the samples were dessicated 
until test time. The surface roughness after grinding 
was found, by optical comparison with polished sur- 
faces, to be essentially smooth at the detectable wave- 
lengths. 

Loading Technique 

There was practically no prior experimental infor- 
mation to suggest the magnitude of the thermal inhomo- 
geneities to be encountered which made it rather un- 
certain that there would be any hot enough to detect. 
Hence, an attempt was made to accentuate them by 
using a pneumatic loading device. The presumption 
was that such a loading mechanism would allow plas- 
tic instabilities to develop abruptly and, hopefully, re- 
sult in measurable isolated temperature changes. A 

D E W A R  

- G e : C u  P H O T O C O N D U C T O R  

~ t _ j ~  COLD SHIELD 
P R I M A R Y  MIRROR 

S E C O N D A R Y  MIRROR 

V 
OBJECT 

Fig. 1--1nfrarcd detection system. 

TENSILE STRESS-STRAIN CURVE 
FOR ELECTROLYTIC TOUGH PITCH COPPER 
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Fig. 2--Deformation curve of electrolytic tough pitch copper 
used in thermal studies. 
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" h a r d "  machine  might,  a l t e rna t ive ly ,  c o n s t r a i n  the 
ra te  of deve lopment  of a p las t ic  in s t ab i l i ty  so that po-  
ten t ia l  t h e r m a l  g rad ien t s  would be n e a r l y  wiped out. 
Also, a hard  machine  could s ign i f i can t ly  reduce  the 
extent  of deformat ion  per  ins tab i l i ty .  The loading s y s -  
tem used (Allied Resea rch  Assoc ia tes ,  Model P-18) 
had dual p i s tons  that were d r iven  with c o m p r e s s e d  a i r .  
Low de fo rmat ion  r a t e s  were  obtained by gradua l ly  
p r e s s u r i z i n g  the p is tons  through a " s y s t e m - s e a l "  
valve.  High s t r a i n  ra tes ,  59 to 172 s -1, were  obtained 
by loading the p is tons  which t r a n s m i t t e d  the load to a 
s tee l  load ba r  that was placed between two ident ica l  
copper s amp le s .  When the p r e s s u r e  become la rge  
enough to b reak  the s teel ,  the copper s amp le s  were  
deformed to f r ac tu re .  

All t ens i l e  s p e c i m e n s  were  machined  with 6.02 cm 
between the shoulders  of the gr ips  and with a c r o s s  
sec t ion  of 0.0559 by 0.508 cm. Dur ing  deformat ion ,  
the sample  was held between g imbal  g r ips ;  however,  
the v e r t i c a l  pos i t ion  of the s p e c i m e n  was mechan i ca l l y  
fixed so the obse rved  sur face  of the s p e c i m e n  r e -  
mained  within • cm of the focal point  of the de-  
tec t ion sys t em.  This is a sma l l  d i s tance  compared  
with the opt ical  depth of f ield and means  the c o n s t r a i n t  
effect ively  avoided any p rob l ems  f rom gene ra l  su r face  
t i l t ing  or  d i sp l acemen t  unt i l  f r a c tu r e .  

The average  de fo rmat ion  of the copper  was mon i -  
tored  with an opt ical  d i s p l a c e m e n t  gage (Model 1013 
with 0.127 cm sec to r  width and gate, All ied Resea rch  
Assoc ia tes ,  Inc.). 

Radiat ion M e a s u r e m e n t s  

Before each test ,  the IR detec t ion s y s t e m  was fo-  
cused on the copper sample  and o r i en ted  with s igna ls  
obtained by chopping the rad ia t ion  f rom the copper 
spec imen .  Or ien ta t ion  and focus ing  ad jus tmen t s  were  
i nva r i ab ly  made so the r ecorded  s igna l s  were  a ma x i -  
mum and had a shape with a double overshoot  which 
was a c h a r a c t e r i s t i c  due to the ampl i f i e r .  During de-  
fo rmat ion ,  the s igna ls  f rom the i n f r a r ed  s y s t e m  and 
the d i s p l a c e m e n t  gage were  s i m u l t a n e o u s l y  r e c o r d e d  
on a dual beam Type 551 Tekt ronix  osc i l loscope  with 
Type Z P lug - in  units .  This r e c o r d i n g  method au toma t -  
i ca l ly  synchron ized  the de format ion  and t h e r m a l  r e c -  
o rds .  On some occas ions  the t h e r m a l  s igna l s  were  
also recorded  on another  osc i l loscope ,  Tekt ronix  
535A with a 53/54 L P lug - in  unit .  

It was suspec ted  that the voltage s igna l s  due to the 
t h e r m a l  inhomogenei t ies  of the low s t r a i n - r a t e  tes t s  
might  occur  with f r equenc ie s  below the bandwidth of 
the r e c o r d i n g  equipment .  To in su re  that  these  s igna l s  
would be r eco rded  faithfully,  the obse rved  rad ia t ion  
was chopped at 10 ~ Hz with a tuning  fork ( A m e r i c a n  
Time Produc t s ,  Model 40C). It was found that  the 
t e m p e r a t u r e  g rad ien t s  were  such that it was u n n e c -  
e s s a r y  to chop the rad ia t ion  dur ing  the high s t r a i n -  
ra te  t e s t s .  

Resul t s  

Radiat ion and d i sp l acemen t  r e c o r d s  obta ined while 
copper s amp le s  were e longated at d i f fe ren t  r a t e s  a re  
shown in Figs .  3 through 10. A p r o m i n e n t  fea ture  of 
the r ad ia t ion  r e c o r d s  is that there  a re  v e r y  rapid  
voltage changes compared  with the total  de fo rmat ion  
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t ime.  These a re  s u p e r i m p o s e d  on a more  g radua l  
voltage i n c r e a s e  that  cont inued throughout  the de fo r -  
mat ion .  This  is  ev iden t  in each of these  r e c o r d s  ex -  
cept the one shown in Fig.  5, which is a r e c o r d  of a 
t e s t  in which the de fo rma t ion  ra te  was so slow that  
the gradua l  t h e r m a l  change was s u b s t a n t i a l l y  below 
the m i n i m u m  f r equency  r e sponse  of the amp l i f i e r .  
Hence, no voltage change was r e c o r d e d  to indicate  
the gradua l  t e m p e r a t u r e  change.  The s ame  would 
have been  t rue  of the changes shown in Fig.  3 except  

Fig. 3--Voltage changes recorded with the infrared radiation 
detection system during deformation. Chopped radiation. Ver- 
tical scale, 1 volt/cm; horizontal scale, 0.5 s/cm. The 
strain-time data corresponding to this record is shown in 
Fig. 4. The maximum strain rate was 0.56 s -I. The deforma- 
tion was stopped after approximately 1.5 s. 

Fig. 4--Deformation data corresponding to the radiation mea- 
surements shown in Fig. 3. In this test the sample thickness 
was 0.166 cm rather than the usual 0.0559 cm. The other di- 
mensions of the sample were the same as in the other tests 
reported. The load was applied by opening the system seal 
air valve so the pistons of the loading device filled gradually 
during the test. 
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that the chopping technique used in that tes t  revealed 
the gradual changes. It is emphasized that the deforma- 
tion rates of all the tests to be reported were such that 
the gradual underlying voltage changes were below the 
frequency response of the radiation detection system. 
Hence, they were never recorded properly even though 
there was a definite manifestation of their occurrence. 
On the other hand, the high frequency voltage changes 
recorded in the higher s t ra in- ra te  tests were within 

t h e  b a n d w i d t h  of t h e  d e t e c t i o n  s y s t e m  so  t h e y  w e r e  
r e c o r d e d  p r o p e r l y .  

I n t e r p r e t a t i o n  of R e s u l t s  

T h e  c o n v e r s i o n  of t h e  r a d i a t i o n  m e a s u r e m e n t s  to  
i n f o r m a t i o n  a b o u t  t h e r m a l  c h a n g e  w a s  m a d e  b y  t a k i n g  
in to  a c c o u n t  p r e v i o u s l y  i g n o r e d  f a c t o r s .  T h e  t e c h n i q u e  
e m p l o y e d  i s  n e w  a s  a r e  s o m e  f e a t u r e s  of t h e  d e f o r m a -  
t i o n  t h a t  w e r e  r e v e a l e d  b y  the  s p a t i a l  d i f f e r e n c e s  in  
d e t e c t a b l e  r a d i a t i o n .  A d e s c r i p t i o n  of t h e  m e t h o d  of 
t r e a t i n g  the  d a t a ,  c a l i b r a t i o n  p r o c e d u r e s ,  a n d  t he  f e a -  
t u r e s  of t h e  d e f o r m a t i o n  t h a t  w e r e  r e v e a l e d  b y  t he  
m e a s u r e m e n t s  a r e  g i v e n  in  t h e  A p p e n d i x .  T h i s  a l l o w s  
a c o n c i s e  p r e s e n t a t i o n  of t h e  t h e r m a l  r e s u l t s ,  b u t  i t  
i s  n o t  a s  s t r a i g h t f o r w a r d  a s  if t he  d e t a i l s  of t h e  p l a s -  
t i c  d e f o r m a t i o n  a n d  c a l i b r a t i o n  w e r e  g i v e n  f i r s t .  To 
a v o i d  c o n f u s i o n ,  a b r i e f  d e s c r i p t i o n  of t h e  i n h o m o g e -  
n e o u s  n a t u r e  of the  d e f o r m a t i o n  i s  g i v e n  n e x t .  

Fig. 5--Volt:tge changes  recorded  with the i n f r a red  radia t ion  
detect ion sys tem during deformat ion .  Ver t ica l  sca le ,  0.2 
v o l t s / e r a ;  hor izonta l  sca le ,  20 m s / c m .  The s t r a i n - t i m e  data 
eorres t )onding to this  r eco rd  is shown in Fig. 6. 'Fhe lnaxi-  
nqulI1 s t r a i n  ra te  was 9.3 s -t. F r a c t u r e  occu r r ed  af ter  approx-  
imately  6(,) ms. 

Fig. 7--Voltage changes  r eco rded  with the i n f r a red  r ' ldiat ion 
detect ion sys tem dur ing deformat ion.  Vert ical  sca le ,  0.62 
v o l t s / c m ;  hor izonta l  scale ,  1 m s / c m .  The s t r a i n - t i m e  data 
co r re spond ing  to this  r e c o r d  is shown in Fig. 8. The maxi -  
mum s t r a i n  ra te  was 59 s -1. F r a c t u r e  occu r red  af te r  approx-  
imate ly  8.8 ms.  

Fig. 6--Deformation data corresponding to the radiation mea- 
surements shown in Fig. 5. The load was applied by opening 
the system sea] air valve so the pistons of the loading device 
filled with air during deformation. 

Fig. 8--Deformation data corresponding to the radiation mea- 
surements shown in Fig. 7. A steel load bar was used in the 
stress application. 
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The rad ia t ion  m e a s u r e m e n t s  r e v e a l e d  that L~/ders 
bands deve loped  in the Cu inves t iga t ed  (see Appendix), 
and it was found that  the t e m p e r a t u r e  d i f f e r ences  f r o m  
band to band could be inves t iga ted .  The e x p r e s s i o n  
" L f i d e r s  b a n d "  is of ten used to r e f e r  to the bands of 
p e r m a n e n t  de fo rma t ion  that  deve lop  in s t ee l  at y ie ld  
on p lanes  that  a r e  a p p r o x i m a t e l y  p a r a l l e l  with the 
p lanes  of m a x i m u m  s h e a r  s t r e s s .  The re  is a wider  
appl ica t ion  of the e x p r e s s i o n ,  however ,  as used by 

Fig. 9--Voltage changes recorded with the infrared radiation 
detection system during deformation, lower trace. Vertical 
scale, 0.5 vol t s /cm;  horizontal scale, 1 m s / c m .  The upper 
trace is the record from the displacement-time gage. The 
strain-t ime data corresponding to this record (Sample 1) is 
shown in Fig. 10. The load was applied with the steel load- 
bar technique. The maximum strain rate was 122 s-1. F rac -  
ture occurred after approximately 4.1 ms. 

Fig. 10--Deformation data corresponding to the high strain- 
rate tests. Steel load bars were used in the stress applica- 
tion to get the high strain-rates.  

Phi l l ips  e t  al .  9 to d e s c r i b e  diffuse bands such as those 
that  f o r m  in A l - M g  a l loys  throughout  the c o u r s e  of 
p la s t i c  de fo rma t ion .  Now that  the o c c u r r e n c e  of d i s -  
cont inuous r e p e a t e d  y ie ld ing  is wel l  e s t a b l i s h e d  (see 
Appendix), the d i f f e r e n c e s  in the two c a s e s  migh t  be 
v iewed  as m o r e  in d e g r e e  than kind. While the bands 
that  f o r m e d  in the Cu may  have spec i a l  c h a r a c t e r i s -  
t i c s ,  they wil l  be r e f e r r e d  to as Lf/ders bands.  This 
should lead to no confus ion s ince  t he i r  spec i a l  p r o p -  
e r t i e s  a r e  d e s c r i b e d  in the Appendix. Br ie f ly ,  the 
bands f o r m e d  at y ie ld  such that  t he i r  domain  was e s -  
sen t i a l ly  e s t ab l i shed ,  t he i r  width along the t ens i l e  axis  
was a p p r o x i m a t e l y  0.02 cm,  and p las t i c  d e f o r m a t i o n  
o c c u r r e d  throughout  d e f o r m a t i o n  by the l o c a l i z e d  d i s -  
cont inuous r e p e t i t i v e  ac t ion  of these  s a m e  bands.  

In gene ra l ,  the width of the high f r e q u e n c y  vo l tage  
changes  a r e  s i m i l a r  to those f r o m  s u r f a c e  scans  of 
p r e v i o u s l y  d e f o r m e d  and t h e r m a l l y  e q u i l i b r a t e d  cop-  
pe r  s a m p l e s  (see  Appendix).  This  is taken to mean  
that  the high f r e q u e n c y  vo l tage  changes  m e a s u r e d  d u r -  
ing d e f o r m a t i o n  s t e m m e d  f r o m  the d e v e l o p m e n t  of 
L[iders bands s ince  these  w e r e  r e l a t e d  to the vo l tage  
i n c r e m e n t s  on the r e c o r d s  of the p o s t - t e s t  s u r f a c e  
scans .  An addi t ional  f e a tu r e  evo lved  at low s t r a i n  l e v -  
e l s  dur ing  s low s t r a i n - r a t e  d e f o r m a t i o n  (see  Fig.  3). 
The re ,  the high f r e q u e n c y  vo l t age  changes  a r e  s i m i l a r  
to s inuso ida l  o s c i l l a t i o n s  r a t h e r  than abrup t  i n c r e m e n -  
ta l  changes .  C o m p a r i s o n  of F igs .  3 and 4 c l e a r l y  v e r i -  
f ies  that the vo l tage  o sc i l l a t i ons  in Fig.  3 w e r e  not r e -  
la ted  to su rg ing  of the a i r  in the p is tons  of the loading 
dev ice .  Instead,  the o s c i l l a t o r y  behav io r  was a c o n s e -  
quence of hea t  conduct ion that  b e c a m e  a m a j o r  e f fec t  
in that  t e s t  because  the d e f o r m a t i o n  was v e r y  s low 
(0.56 s -1 m a x i m u m ) .  At the s t r a i n  r a t e  of 122 s -1 (see 
Fig.  9), t he r e  we re ,  however ,  vo l tage  changes  that  o c -  
c u r r e d  in the s a m e  t ime  it would have taken a sha rp  
boundary  on the s ample  to have c r o s s e d  the f i e ld  of 
v iew of the r ad ia t ion  de tec t ion  s y s t e m .  This  is sub -  
s t an t ia l  enough ev idence  that  n e a r l y  ad iaba t ic  hea t ing  
was o b s e r v e d .  

The abrupt  vo l t age  changes  o b s e r v e d  in these  t e s t s  
appea red  to be the type that  could be i nves t i ga t ed  as 
ad iabat ic  t h e r m a l  changes  within L/ iders  bands (see 
Appendix). This  is even  t rue  of s o m e  of the vo l t age  
i n c r e m e n t s  on the r e c o r d s  obta ined  at the s l o w e r  
s t r a i n  r a t e s  s ince  the vo l tage  i n c r e m e n t s  w e r e  v e r y  
abrupt .  S e v e r a l  m o r e  t e s t s  w e r e  run at the h ighe r  
s t r a i n  r a t e s  so that  this  content ion  could be i n v e s t i -  
gated f u r t h e r .  The r e l a t e d  s t r a i n - t i m e  data  is g iven  
in Fig.  10. In a l l  of the r ad i a t i on  r e c o r d s  that  have  
been r ep roduced ,  the t ime  i n c r e a s e s  f r o m  lef t  to 
r ight .  Also,  when it  was a p p r o p r i a t e ,  the a p p r o x i m a t e  
t i m e  to f r a c t u r e  was l i s t ed  below each  f igure .  Af te r  
f r a c t u r e ,  the s a m p l e s  w e r e  f r e e  to move with r e s p e c t  
to the op t ica l  de tec t ion  s y s t e m  so the vo l t age  changes  
on the r e c o r d s  a f t e r  f r a c t u r e  should be d i s r e g a r d e d .  

To find the t e m p e r a t u r e  d i f f e r e n c e s  r e l a t e d  to the 
d e v e l o p m e n t  of L/ /ders  bands it  was n e c e s s a r y  to r e a d  
the pe r t i nen t  vo l tage  changes  f r o m  the r e c o r d s .  The 
s ignal  obta ined with chopping (Fig.  3) was not used be -  
cause  the re  w e r e  subs tan t i a l  conduct ion e f f ec t s  ev iden t  
in that  r e c o r d .  F r o m  the o the r  r e c o r d s ,  each  p e a k - t o -  
peak vol tage  change was m e a s u r e d  with r e s p e c t  to the 
pos i t ion  of the t r a c e  jus t  be fo re  the change o c c u r r e d .  
This  a u t o m a t i c a l l y  r e m o v e d  the a v e r a g e  t e m p e r a t u r e  
change of the o v e r a l l  s a m p l e  that  deve loped  throughout  
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the deformat ion ,  and it  lef t  a vol tage i n c r e m e n t  r e l a t ed  
to the d i f fe rence  in t e m p e r a t u r e  of a Lfiders band and 
the ad jacent  m a t e r i a l .  The peak - to -peak  voltage m e a -  
s u r e m e n t  included the noise  level  which was sub t rac t ed  
to get the vol tage change due to r e a l  effects .  Both in -  
c r e a s i n g  and d e c r e a s i n g  voltage i n c r e m e n t s  were  read.  

Even though the vol tage changes caused  by inhomo-  
geneous de fo rma t ion  had been i so la ted  at this point,  
there  were  s t i l l  s e v e r a l  f ac to r s  that cont r ibu ted  to the 
raw data.  Included were  the changes in the i n t r i n s i c  
e m i s s i o n  f rom the sample ,  the r e f l ec ted  rad ia t ion  f rom 
the su r round ings ,  the cavi ty  effect  (see Appendix) and 
the L a m b e r t  r ad i a t i ng  c h a r a c t e r i s t i c s  of the sur face .  
It is shown in the Appendix that these  fac to rs  combine 
to give a vol tage i n c r e m e n t  AVp that mus t  be sub t rac t ed  
f rom the m e a s u r e d  vol tage i n c r e m e n t  AV i. Then, the 
t e m p e r a t u r e  i n c r e m e n t  a s soc ia t ed  with a m e a s u r e d  
voltage i n c r e m e n t ,  AVi, due to the d i f fe rence  in the 
p las t ic  deve lopment  of contiguous m a t e r i a l  is given by 

AVi - ,~rp [ i i 
AT = (OV/OT)e 

Both AVp and (SV/OT) e were  taken as the va lues  ap-  
p l icable  at the average  s t r a i n  of the sample  at which 
AV i was measu red .  These va lues  were  de t e rmined  by 
the method de sc r i bed  in the Appendix. 

It is noted that the d i f fe rence  in &V i for a pa r t i cu l a r  
de format ion  and &Vp for an average  change cannot  be 
used to find the exact  t e m p e r a t u r e  change assoc ia ted  
with a speci f ic  de format ion .  It makes  more  sense  to 
take the d i f fe rence  of like quant i t i es  so the voltage in-  
c r e m e n t s ,  AVi, were averaged .  P r e s u m a b l y ,  an a v e r -  
age d i f fe rence  in AV i and AVp would lead to an average  
local  t e m p e r a t u r e  d i f fe rence  due to inhomogeneous 
p las t ic  deformat ion .  It is not n e c e s s a r i l y  undes i r ab le  
to d e t e r m i n e  the average  r e su l t  s ince  this may be 
mos t  r e p r e s e n t a t i v e  of gene ra l  behavior .  In any event,  
the average  local  t e m p e r a t u r e  d i f fe rence  was d e t e r -  
mined  for all  average  s t r a i n s  out to f r ac tu re .  

The h igher  s t r a i n - r a t e  tes t s  (Samples 1 to 5) were 
intended to be ident ica l  so that good average  va lues  
of &V i could be found, and only data f rom these tes ts  
were  used for this purpose .  Actual ly,  the loading was 
d i f fe rent  in each of these  supposedly  ident ica l  tes ts  
( s ee  Fig.  10). However,  the d i f f e rences  in the s t r a i n  
r a t e s  obta ined a re  s m a l l  compared  with the gamut  of 
p r ev ious ly  inves t iga ted  s t r a i n - r a t e  effects  on copper,  
i .e. ,  10 -9 to 104 s -1. Throughout  this  e n t i r e  range  of 
s t r a i n  r a t e s  the re  a re  only gradua l  changes  in the 
mechan ica l  behav ior  of copper so it was a s sum e d  that 
the high s t r a i n - r a t e  t e s t s  r epo r t ed  were  e s s e n t i a l l y  
identical .2,  lo, 11 

In ave rag ing  the vol tage i n c r e m e n t s ,  an a t tempt  was 
made to include data  f rom a wide enough average  
s t r a i n  i n t e rva l  so there  would be s e v e r a l  data  points  
to average .  S imul taneous ly ,  an a t t empt  was made to 
average  data  f rom a s m a l l  enough s t r a i n  in t e rva l  so 
the dependence of the average  AV i on s t r a i n  would 
not  be lost .  Specif ical ly ,  al l  i n c r e m e n t s  f rom 0.0 to 
0.1 pet s t r a i n  were  ave raged  at 0.1 pet s t r a in ,  data 
f rom 0.1 to 0.5 p e r c e n t  s t r a i n  were  averaged  at 0.3 
pet s t r a i n  and for s t r a i n s  between 0.50 and 0.95 pct, 
a l l  the i n c r e m e n t s  were  averaged  that o c c u r r e d  within 
• pet  of the n e a r e s t  tenth p e r c e n t  s t r a in .  At 
s t r a i n s  above 0.95 pet,  the i n c r e m e n t s  that  o c c u r r e d  

within • 1/2 pct of an in t eg ra l  value of s t r a i n  were 
averaged .  

F ina l ly ,  the average  local  t e m p e r a t u r e  d i f fe rences  
due to i so la ted  p las t ic  de fo rmat ion  were  calcula ted 
f rom the average  va lues  of AV i by applying the method 
desc r ibed  above. These r e s u l t s  a re  plotted in Fig. 11 
as a funct ion of the average  s t r a i n  of the sample .  They 
a re  be l ieved  to be the d i f fe rence  in average  t e m p e r a -  
tu re  of Lfiders bands and adjacent  m a t e r i a l .  The bands 
about the points  plotted in Fig.  11 indicate  the devia-  
t ion f rom the mean.  

As a l r eady  indicated,  a specif ic  vol tage i n c r e m e n t  
m e a s u r e d  with the i n f r a r e d  detec t ion s y s t e m  cannot 
be conver ted  to an exact  t e m p e r a t u r e  i n c r e m e n t  be -  
cause the c o r r e spond i ng  specif ic  value of AVp is un-  
known. However,  some of the obse rved  voltage i n c r e -  
ments ,  AVi, were  much g r e a t e r  than the average  vol t -  
age change due to topography,  i .e. ,  AVp. It was felt 
that s ign i f ican t  obse rva t ions  would be los t  if the la rge  
va lues  of ,xV i were comple te ly  neglec ted  or camou-  
flaged through averag ing .  Hence, the average  va lues  
of &Vp were  sub t rac t ed  f rom some of the l a rge  un-  
averaged  voltage i n c r e m e n t s  and t e m p e r a t u r e  changes 
were ca lcula ted  accord ing  to Eq. [1]. These r e su l t s  
are  l i s ted  in Table I. To emphas ize  the magnitude of 
the voltage i n c r e m e n t s  in quest ion,  the max imum va l -  
ues of AVp (see Fig.  13, Appendix) were  used to ca lcu-  
culate  t e m p e r a t u r e  i n c r e m e n t s .  These  d i f fe rences  
are  also l i s ted  in Table f. These ca lcu la t ions  are not 
comple te ly  defendable ,  but they do m i n i m i z e  the mag-  
ni tude of the t e m p e r a t u r e  i n c r e m e n t s .  Still,  some of 
them are  ve ry  la rge ,  although the c o r r e c t  magni tudes  
are  unce r t a in .  
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Fig. ll--Average local temperature differences in copper 
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Table I. Localized Temperature Differences Measured During Deformation 
(Data from Figure 7) 

No~n~ Vp Vp 
Time, Strain, Vi, (Average), (Maximum), 

s • 10 -3 Pct Volts Volts T, ~ Volts T, ~ 

1.97 3.8 0.25 0.026 36.1 0.08 27.4 
3.36 7.6 0.08 0.035 6.3 0.14 t 
5.2 13.8 0.17 0.046 13.8 0.20 t 
5.53 15.2 0.16 0.048 11.9 0.21 t 
6.17 17.8 0.36 0.052 30.5 0.22 13.9 
6.50 19.3 0.11 0.056 5.1 0.23 t 
6.90 20.9 0.55 0.060 44.5 0.23 29.1 
7.09 21.8 0.34 0.063 24.7 0.24 8.9 
7.34 22.8 0.42 0.066 30.8 0.24 15.7 
7.52 23.7 0.46 0.070 33.3 0.25 17.9 
7.61 24.1 0.28 0.072 17.6 0.25 2.5 
7.90 25.6 0.08 0.078 0.2 0.26 t 
7.96 25.8 0.29 0.079 17.2 0.26 2.4 
8.13 26.8 0.14 0.084 4.4 0.27 
8.30 27.7 0.09 0.086 0.3 0.28 t 
8.32 27.8 0.06 0.088 t 0.28 t 
8.41 28.3 0.16 0.091 5.3 0.29 t 
8.56 29.3 0.18 * - * - 
8.70 30.2 0.20 * - * - 

*Unknown. 
+Not tabulated because I Vii - I gp Imax < 0. 

D i s c u s s i o n  of R e s u l t s  

The  c o p p e r  s a m p l e s  w e r e  d e f o r m e d  u n d e r  a m b i e n t  
c o n d i t i o n s ,  and  a s  s u c h ,  t h e y  w e r e  c o a t e d  w i t h  c u p r o u s  
o x i d e .  N o r m a l l y ,  o x i d e s  a r e  b r i t t l e  r e l a t i v e  to m e t a l s ,  
a n d  i t  s h o u l d  be  e x p e c t e d  t h a t  t he  o x i d e  c o a t i n g  on  t he  
c o p p e r  s a m p l e s  b r o k e  a s  t h e y  w e r e  e l o n g a t e d .  W h i l e  
t h e r e  a r e  m a n y  c o m p l e x  p r o c e s s e s  i n v o l v e d ,  the  m a j o r  
d e t e c t a b l e  c h a n g e s  a r e  due  to 1) t he  e x p o s u r e  of p u r e  
c o p p e r  a s  t he  o x i d e  b r e a k s  and  2) the  e m i s s i o n  of r a -  
d i a n t  e n e r g y  f r o m  the  o x i d e  a s  i t s  e l a s t i c  e n e r g y  i s  
r e l e a s e d  b y  t he  c r a c k i n g .  

The  f i r s t  e f f e c t  o c c u r s  b e c a u s e  t he  o x i d a t i o n  of 
c o p p e r  a t  r o o m  t e m p e r a t u r e  i s  a r e a s o n a b l y  s l o w  
p r o c e s s ,  l~hodin h a s  s h o w n  t h a t  t he  a v e r a g e  t h i c k n e s s  
of the  o x i d e  f o r m e d  o n  c o p p e r  a t  r o o m  t e m p e r a t u r e  
i s  16A a n d  t h a t  i t  t a k e s  a p p r o x i m a t e l y  1 / 2  h to  fo rm.12  
His  d a t a  s u g g e s t s  t h a t  t h e r e  wou ld  h a v e  b e e n  n e g l i g i -  
b l e  r e o x i d a t i o n  of a n y  p u r e  c o p p e r  e x p o s e d  d u r i n g  t he  
h i g h  s t r a i n - r a t e  t e s t s  of t h i s  w o r k .  If t he  v o l u m e  of 
o x i d e  on  t he  t e s t e d  s a m p l e s  i s  a s s u m e d  to h a v e  b e e n  
c o n s t a n t ,  a n d  i t  is  n o t e d  t h a t  t he  e m i t t a n c e  e (AX, Aw, 
T) was  0 .04 ,  w h i l e  t h e  e q u i v a l e n t  e m i t t a n c e  of p u r e  
Cu w i t h  no  ox ide  on  i t  i s  o n l y  0 .018 ,  '3 i t  f o l l o w s  t h a t  
t h e r e  w a s  a c h a n g e  in  e m i t t a n c e  of t he  o b s e r v e d  s u r -  
f a c e  t h a t  d e p e n d e d  on  s t r a i n  e a c c o r d i n g  to t he  r e l a -  
t i o n  

Ac = (ECu -- eCu+Cu20 ) e .  [2] 

The  e m i t t a n c e s  g i v e n  a b o v e  a p p l y  a t  r o o m  t e m p e r a t u r e  
and  f o r  t he  w a v e l e n g t h  i n t e r v a l  a n d  c o l l e c t i o n  a n g l e  of  
the  d e t e c t i o n  s y s t e m .  S ince  the  e m i t t a n c e  of the  c o p p e r  
t e s t e d  w a s  g r e a t e r  t h a n  t he  e m i t t a n c e  of p u r e  c o p p e r ,  
t h e r e  w a s  a d e c r e a s e  in e m i t t a n c e  w i t h  s t r a i n  due  to 
t he  c r a c k i n g  of  t he  o x i d e .  

If t he  d e c r e a s e  in e m i t t a n c e  i s  i n t e r p r e t e d  as  c a u s -  
ing  a n  e r r o r  in  t he  t h e r m a l  m e a s u r e m e n t s ,  i t  c a n  be  
s h o w n  t h a t  t he  d i f f e r e n c e  f r o m  t he  r e p o r t e d  t e m p e r a -  
t u r e  i n c r e m e n t s  i s  g i v e n  b y  

A ( A T )  : AT(E  2 -  c l ) /E1 ,  [3] 

w h e r e  E, a n d  e 2 a r e  t he  e m i t t a n c e s  b e f o r e  a n d  a f t e r  t h e  
f o r m a t i o n  of t he  s t r a i n  i n c r e m e n t .  

The  p e r c e n t a g e  e r r o r  in  t he  r e p o r t e d  t e m p e r a t u r e s  
due  to t he  c r a c k i n g - e x p o s u r e  e f f e c t  c a n  be  e s t i m a t e d  
f r o m  the  r e s u l t s  t h a t  h a v e  b e e n  r e p o r t e d  if  t he  e r r o r  
i s  s m a l l .  If t h e  e r r o r  i s  f i r s t  a s s u m e d  to b e  n e g l i g i b l e ,  
t he  s t r a i n  of a p l a s t i c  i n c r e m e n t  c a n  b e  c a l c u l a t e d  f r o m  
the  r e p o r t e d  t e m p e r a t u r e  i n c r e m e n t  b y  a s s u m i n g  t h a t  
a l l  t h e  p l a s t i c  w o r k  i s  c o n v e r t e d  in to  h e a t .  F r o m  t h e  
s t r a i n ,  r i s  c a l c u l a t e d  u s i n g  Eq.  [2].  At  a n o m i n a l  
s t r a i n  of 10 p c t ,  t h e  a v e r a g e  t e m p e r a t u r e  i n c r e m e n t  
w a s  5~ The  r e l a t e d  i n c r e m e n t a l  l o n g i t u d i n a l  s t r a i n  
i s  4 .9  p c t ,  e 2 f o l l o w s  a s  0 .039  a n d  A ( A T ) i s  - 0 . 1 2 5 ~  
H e n c e ,  the  a s s u m p t i o n  t h a t  t he  e r r o r  in  t he  r e p o r t e d  
t e m p e r a t u r e  i n c r e m e n t s  i s  n e g l i g i b l e  i s  c o r r e c t ,  w h i c h  
m e a n s  t he  e s t i m a t e  of t he  e r r o r  i s  r e a s o n a b l e .  The  
e r r o r  f r o m  the  c r a c k i n g - e x p o s u r e  e f f e c t  i s ,  t h e r e f o r e ,  
no  m o r e  t h a n  2.1 pc t .  

An u p p e r  b o u n d  o n  the  e r r o r  t h a t  c o m e s  f r o m  o x i d e  
c r a c k i n g  a n d  t h e  r e l e a s e  of i t s  e l a s t i c  e n e r g y  i s ,  in  
p r i n c i p l e ,  r e a d i l y  f o u n d  b y  a s s u m i n g  t h a t  a l l  t h e  e l a s -  
t i c  e n e r g y  i s  c o n v e r t e d  in to  h e a t .  T h e r e  a r e ,  h o w e v e r ,  
p r a c t i c a l  p r o b l e m s  in m a k i n g  t he  e s t i m a t e  b e c a u s e  a p -  
p a r e n t l y  t he  m o d u l u s  a n d  t e n s i l e  s t r e n g t h  of C u 2 0  h a v e  
no t  b e e n  d e t e r m i n e d .  F u r t h e r m o r e ,  the  p h y s i c a l  p r o p -  
e r t i e s  of t he  t h i n  o x i d e  f i l m  on c o p p e r  a r e  n o t  n e c e s -  
s a r i l y  t he  s a m e  a s  t h o s e  of  r e l a t i v e l y  m a s s i v e  s a m -  
p l e s .  A c c o r d i n g l y ,  the  t e n s i l e  s t r e n g t h  and  Y o u n g ' s  
m o d u l u s  c o u l d  o n l y  b e  e s t i m a t e d  f r o m  the  k n o w n  p r o p -  
e r t i e s  of  o t h e r  o x i d e s .  H o w e v e r ,  r e a s o n a b l e  v a l u e s  
w e r e  found  to b e  9 ,100  a n d  8 .5  x 106 p s i  r e s p e c t i v e l y .  
Wi th  t he  a s s u m p t i o n  t h a t  t he  o x i d e  i s  n o n p l a s t i c ,  i t  
w a s  f o u n d  t h a t  t he  m a x i m u m  t e m p e r a t u r e  c h a n g e  t h a t  
c o u l d  o c c u r  f r o m  the  r e l e a s e  of e l a s t i c  e n e r g y  f r o m  
the  o x i d e  i s  o n l y  0 .012~ w h i c h  i s  n e g l i g i b l e  c o m p a r e d  
w i t h  t he  t h e r m a l  c h a n g e s  r e p o r t e d .  The  a c t u a l  t e m p e r -  
a t u r e  c h a n g e  m u s t  be  c o n s i d e r a b l y  l e s s  b e c a u s e  of  the  
e n e r g y  r e q u i r e d  f o r  t he  d e v e l o p m e n t  of  the  f r a c t u r e  
s u r f a c e s .  The  s u r f a c e  e n e r g y  i s  a m a j o r  f a c t o r ,  a n d  
if  one  c o n s i d e r s  t he  s i t u a t i o n  in w h i c h  t he  o x i d e  i s  
l o a d e d  to i t s  u l t i m a t e  s t r e n g t h  o n c e ,  t he  f r a c t u r e  s u r -  
f a c e  e n e r g y  r e q u i r e d  if a c r a c k  d e v e l o p e d  e v e r y  10 to 
100 m i c r o n s  w o u l d  b e  a p p r o x i m a t e l y  e q u a l  to  t he  e l a s -  
t i c  e n e r g y ,  a n d  t h e r e  c o u l d  b e  o n l y  s l i g h t  h e a t i n g  p o s -  
s i b l e .  

The  e f f e c t  of e n e r g y  e m i s s i o n  f r o m  the  o x i d e  a t o m s  
t h a t  a r e  a c t u a l l y  s e p a r a t e d  b y  f r a c t u r e  m i g h t  b e  q u e s -  
t i o n e d ,  bu t  t h e  r e l a t e d  c o n t r i b u t i o n  to t he  r e p o r t e d  
m e a s u r e m e n t s  i s  n e g l i g i b l e .  T h i s  i s  b e c a u s e  t h e s e  
l o c a l i z e d  c h a n g e s  i n v o l v e  e l e c t r o n  t r a n s i t i o n s ,  a n d  the  
a s s o c i a t e d  e n e r g y  e m i s s i o n  i s  t y p i c a l l y  a t  h i g h e r  f r e -  
q u e n c i e s  t h a n  d e t e c t a b l e  w i t h  a G e : C u  p h o t o n  c o u n t e r .  

C h a n g e s  in  r a d i a t i o n  d e t e c t e d  f r o m  the  s u r r o u n d i n g s  
t h r o u g h  t o p o g r a p h i c  c h a n g e s  due  to o x i d e  b r e a k i n g  
w e r e  n e g l i g i b l e  b e c a u s e  t he  o x i d e  t h i c k n e s s  i s  m u c h  
s m a l l e r  t h a n  t he  w a v e l e n g t h  of  t he  d e t e c t i b l e  r a d i a t i o n .  

T h e r e  i s  a n o t h e r  t e m p e r a t u r e  c h a n g e  t h a t  h a s  b e e n  
i g n o r e d .  T h i s  i s  t he  t e m p e r a t u r e  c h a n g e  f i r s t  d e -  
s c r i b e d  b y  L o r d  K e l v i n  "4 a n d  u s u a l l y  r e f e r r e d  to a s  
t h e  t h e r m o e l a s t i c  e f f e c t .  T h i s  i s  g i v e n  b y  t he  e q u a -  
t i o n  

Toe  Q (Ao') 
A T  - , [4] 

JpC# 
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where  T O is the in i t ia l  t e m p e r a t u r e ,  a 1 is the l i nea r  
coe f f i c i en t  of t h e r m a l  expans ion ,  J is the mechan i ca l  
equ iva len t  of heat,  p is the dens i ty  and Cp is the hea t  
capaci ty .  The t e m p e r a t u r e  change is pos i t ive  in c o m -  
p r e s s i o n  and negat ive  in tens ion .  The u l t imate  t ens i l e  
s t r eng th  of the Cu was 2.34 • 109 d y n e s / c m  e (see F i g .  
2). The c o r r e s p o n d i n g  t rue  s t r e s s  is  2.71 • 109 
d y n e s / c m  2 which,  by Eq.  [4], sugges t s  the m a x i m u m  
t h e r m o e l a s t i c  t e m p e r a t u r e  change should have been  
only - 0.41 ~ 

Since the o b s e r v e d  Lfiders  bands w e r e  a p p r o x i m a t e l y  
the s a m e  width as the f ie ld  of v iew of the de tec t ion  s y s -  
t em,  it  can be concluded that if the t e m p e r a t u r e  were  
un i form within a band, i t  is jus t i f i ab le  to r e p o r t  the 
t e m p e r a t u r e  d i f f e r e n c e s  as in the above.  However ,  
dur ing  the r i s e  and fa l l  of a vo l tage  change,  the s i g -  
nals  do not n e c e s s a r i l y  r e l a t e  to a spec i f i c  t e m p e r a -  
ture .  The r e a s o n  for  this is that  when the boundary 
of a heated  r eg ion  moves  into o r  out of the f ie ld  of 
view,  the o b s e r v a t i o n  mus t  be of m a t e r i a l  in s e v e r a l  
t h e r m a l  s t a t e s .  S imi l a r ly ,  the r e su l t s  mus t  be clouded 
because  the Lfiders  bands o c c u r r e d  with a v a r i a b l e  
th ickness  s o m e  of which were  l e s s  than the d i a m e t e r  
of the f ie ld  of v iew.  

There  is an indica t ion  that  at t i m e s  t h e r m a l  inho-  
m o g e n e t t i e s  w e r e  o b s e r v e d  that  w e r e  confined to a 
much s m a l l e r  reg ion  than the width of the Lfiders 
bands.  These  s igna l s  were  o b s e r v e d  p r i m a r i l y  as 
de fo rma t ion  began.  The main  r e a s o n  fo r  suspec t ing  
that  the s igna ls  w e r e  not due to Liiders  bands is that 
they did not p e r s i s t  long enough for bands 0.02 cm 
wide to move out of the f ie ld  of v iew once they were  
fo rmed .  Fo r  the v e r y  f a s t e s t  c r o s s h e a d  speeds ,  this 
would have taken on the o r d e r  of 0.07 ms,  while the 
dura t ion  of these  s igna ls  was l e s s  than this .  Instead 
of p e r s i s t i n g ,  these  s igna l s  decayed  v e r y  rapid ly  to 
the l eve l  of the o s c i l l o s c o p e  t r ace  before  the d i s t u r -  
bance was encoun te red .  

Since these  s igna ls  were  p r i m a r i l y  encoun te red  as 
the load was f i r s t  applied,  one might  wonder  if they 
w e r e  a consequence  of the loading technique.  It is 
r e a sonab l e  to su spec t  that s t r e s s  waves  and v i b r a -  
t ions might  have been gene ra t ed  by the loading t e c h -  
nique, and su r f ace  t i l t ing f r o m  e i t he r  of these  e f fec t s  
would have caused  s igna l  changes .  It is c l e a r  f r o m  
the e x p e r i m e n t s  of Nadai and Manjoine that at l e a s t  
weak s t r e s s  waves  mus t  have been  in t roduced .  2 Also,  
nonins tan taneous  or  a s y m m e t r i c  f r a c t u r e  of the s t ee l  
load bar  could have caused  the sample  to v i b r a t e .  
Hence,  s t r e s s  waves  and v ib r a t i ons  m u s t  be acknowl-  
edged.  It is only the magni tude  of t he i r  e f fec t s  on the 
i n f r a r e d  rad ia t ion  that  is in ques t ion .  In e i t he r  event ,  
the s igna l s  should have o c c u r r e d  at r e g u l a r  t ime  in-  
t e r v a l s ,  damped out r e g u l a r l y  with t ime  and been 
s i m i l a r  in iden t ica l  t e s t s .  None of these  f e a t u r e s  w e r e  
o b s e r v e d  so it  is concluded that  these  vo l tage  sp ikes  
w e r e  not due to e i t h e r  s t r e s s  waves  or  v ib r a t i ons .  
This conc lus ion  should be v iewed  with s o m e  caut ion 
because  the complex  g r ips  could have in t roduced  v e r y  
compl i ca t ed  s t r e s s  wave in t e r ac t i ons .  This should,  
pe rhaps ,  be i nves t iga t ed  f u r t h e r .  

Another  pos s ib i l i t y  is that  t hese  abrup t  s igna l s  may  
have r e s u l t e d  f r o m  ex t ens ive  s l ip  on a few widely  
spaced  s l ip  bands.  The d e s c r i p t i o n  " w i d e l y "  is r e l a -  
t ive  to the i r  t h i ckness .  The spac ing  could s t i l l  have 
been much l e s s  than the th ickness  of a L/ iders  band. 

1230-VOLUME 6A, JUNE 1975 

In fac t ,  the s l ip  bands might  have been  an under ly ing  
f e a t u r e  of an ac t ive  Lfiders  band. The acous t i c  m e a -  
s u r e m e n t s  by F i s h e r  and Lal ly  of pu rpo r t ed  s l ip  bu r s t s  
in copper  indicate  that  the rap id  r i s e  t i m e s  ( less  than 
0.01 to 0.05 ms)  encoun te r ed  could v e r y  wel l  have been 
due to sl ip.  15 Detec tab le  s igna ls  f r o m  sl ip bands could 
have r e su l t ed ,  p rov ided  the accumula t ed  e m i s s i o n  f r o m  
all  the s imu l t aneous ly  o b s e r v e d  s l ip  bands o c c u r r e d  as 
a pulse  within the bandwidth of the de tec t ion  sys t em.  
If only a sma l l  f r ac t i on  of the su r f ace  s l ipped,  as pos -  
tulated,  the ave r age  emi t t ance  of the m a t e r i a l  in the 
f ie ld  would have r e m a i n e d  a l m o s t  constant .  This  
would be cons i s t en t  with the o b s e r v a t i o n  that  t he r e  
tended to be no subs tan t i a l  p e r m a n e n t  vo l tage  change 
a s s o c i a t e d  with these  vo l tage  sp ikes .  Hence,  these  
sp ikes  a re  of cons ide r ab l e  i n t e r e s t  s ince  they imply 
that ex t ens ive  s l ip  may have o c c u r r e d  with subs tan-  
t ia l  concomi tan t  heat ing.  If this had been the genera l  
behav io r ,  the mul t ip le  t h e r m a l  s t a t e s  v iewed  would 
have had to have been  taken into account ,  but the re  
was only l imi ted  ev idence  of de tec tab le  t h e r m a l  in-  
homogene i t i e s  on the s ca l e  of s l ip  bands.  On the o ther  
hand, the magnitude of these  s igna ls  imp l i e s  subs tan-  
t ia l  heat ing that  might  be worth f u r t h e r  inves t igat ion.  

When the vol tage  i n c r e m e n t s  f rom a s ingle  tes t  
were  plotted v e r s u s  s t r a i n ,  the r e s u l t s  s e e m e d  to 
b e a r  no p a r t i c u l a r  r e l a t i onsh ip  with s t r a in .  However ,  
the a v e r a g e  r e s u l t s  shown in Fig.  11 v a r y  continuously 
with s t r a in  up to a s t r a i n  of 15 pet.  After  approx i -  
ma te ly  15 pet s t r a in ,  a few l a rge  vol tage  i n c r e m e n t s  
w e r e  usual ly  r e c o r d e d .  It is be l i eved  that  these  were  
a consequence  of subs tan t ia l  necking.  It is noted that 
the u l t imate  t ens i l e  s t reng th  o c c u r r e d  at a s t r a in  
s o m e w h e r e  between 14 and 19 pct (See Fig.  2). These 
l a r g e  i so la ted  vol tage  i n c r e m e n t s  undoubtedly caused 
the s c a t t e r  in the a v e r a g e  t e m p e r a t u r e s  plot ted at 
s t r a i n s  above 15 pct.  Hence,  no a t t empt  was made to 
d raw a line through all  the data  points  plotted beyond 
this  s t ra in .  Instead,  a dashed cu rve  was drawn to 
roughly  approx ima te  the gene ra l  t r end  of al l  the data. 
Af te r  obse rv ing  the a v e r a g e  data  in Fig.  11, i t  became 
c l e a r  that the individual  i n c r e m e n t s ,  LxVi, f r o m  a s in -  
gle t e s t  were  a lso  no t iceab ly  s m a l l e r  in the v ic in i ty  
of 8 pet s t r a in  than e l s e w h e r e .  However ,  the o ther  
f e a t u r e s  of the cu rve  shown in Fig.  11 were  not sug-  
ges ted  by the raw data.  On the o ther  hand, a c o m p a r i -  
son of the curve  in Fig.  11 with the p la s t i c  t r ans i t ion  
s t r a i n s  of Bell  r e v e a l s  s e v e r a l  s i m i l a r i t i e s ,  le The 
data  a r e  c o m p a r e d  in Table II where  it  can be seen  
that  t he r e  is one change o r  ano ther  in the t h e r m a l  
data  that v e r y  c lo se ly  ma tches  each  of the t rans i t ion  
s t r a i n s .  F u r t h e r m o r e ,  a c o m p a r i s o n  of the t h e r m a l  
i n c r e m e n t s  with the behav io r  of Po r~ev in -Le  Cha te l i e r  
s t eps  in po lyc ry s t a l l i ne  a luminum,  as r e p o r t e d  by 
Sharpe,  r e v e a l s  that  both d (AT)/de and d (LX~)/de are  
z e r o  at s t r a i n s  near  5 and 11 pet .  17 Here ,  Aa is the 
change in s t r e s s  r e q u i r e d  to deve lop  a p las t i c  ins ta -  
b i l i ty  ( P o r t e v i n - L e  Cha te l i e r  step).  F u r t h e r m o r e ,  the 
s c a t t e r  in the magni tude  of the s t r a i n  i n c r e m e n t s  
Sharpe r e p o r t e d  i n c r e a s e d  cons ide r ab ly  as the s t r a in  
i n c r e a s e d  beyond 12 pct .  This is cons i s t en t  with the 
data  shown in Fig .  11 fo r  the t e m p e r a t u r e  i n c r e m e n t s .  
The a g r e e m e n t  of the dependence  of the t h e r m a l  i n c r e -  
men t s  on s t r a i n  with the t r ans i t i on  s t r a i n s  of Bell  is 
taken as s t rong  ev idence  that the a v e r a g e  t e m p e r a t u r e  
i n c r e m e n t s  r e p o r t e d  a r e  meaningful .  In addition, the 
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Table II. Change in Slope of the Curve of AT vs Strain 

Temperature Increments Critical Strains* 

Nominal Strain, Pet Condition Observed (After Bell) 

0.8 Minimum - 
1.6 Maximum 1.5 
4.8 Minimumt 
6.0 Maximumt 4.2 
7.6 Minimum 7.5 

10.2-12.0 Plateau 11.5 
16.4 Maximum 16.3 
26 Mininmm 26.6 

*The critical strains listed in the table are those given in Reference 16. On 
February 4, 1972, Bell indicated that the critical strains should be revised to the 
following: 1.5, 4.1, 7.6, 11.4, 17.1., 25.6. 

t I f  the heating data near these strains is interpreted as a plateau, it would ex- 
tend from 4.2 to 6.2 pet strain. 

a g r e e m e n t  with the behavior  of P o r t e v i n - L e  Chate l ie r  
s teps  is fu r the r  evidence  that the t h e r m a l  inhomoge-  
ne i t i e s  that have been obse rved  a re  man i fe s t a t ions  of 
p las t ic  de format ion  within Lfiders bands .  

While the m e a s u r e d  t e m p e r a t u r e  i n c r e m e n t s  de-  
pended on s t r a in ,  there  was a l a rge  range  in the mag-  
ni tudes  of the i n c r e m e n t s  m e a s u r e d  at al l  s t r a i n s .  
The average  of all  those m e a s u r e d  was 8.6~ If it is 
a s s u m e d  that  100 pet of the mechan ica l  work went in -  
to p l a s t i c i ty  and heat ing,  the local  p las t i c  work m u s t  
have been 3.31 • l0  T e r g s / g m .  This co r r e sponds  to a 
longi tudinal  s t r a i n  of 14.4 pet. Accord ing  to the Tay-  
lor  aggregate  theory,  the longi tudinal  t rue  s t r a in ,  e t ,  

and the shear  s t r a in ,  y, a re  r e l a t ed  by 
n 

d y  s = 3.06 A e  t [5] 
S=I 

f rom which the average  shear  s t r a i n  is found to be 44 
pet.  

The data sugges ts  that t e m p e r a t u r e  d i f fe rences  
g r e a t e r  than 18~ may have been  obse rved  at nomina l  
s t r a i n s  subs t an t i a l l y  below those where  f r a c t u r e  oc-  
curs .  If t e m p e r a t u r e  d i f fe rences  of this  magni tude  did 
occur ,  local  de fo rma t ions  mus t  have o c c u r r e d  with 
enough total  s t r a in  to have caused  f r ac tu r e .  This i m -  
p l ica t ion  was checked by su rvey ing  the deformed  s a m -  
ples  with an optical  m ic roscope .  These obse rva t ions  
r evea led  many sur face  c racks .  The dens i ty  of these 
c racks  was g r e a t e s t  a f ter  la rge  average  s t r a i n s ,  but 
some were  obvious well  before  complete  f r ac tu re .  In 
genera l ,  these c rack  nuc le i  o c c u r r e d  at the i n t e r s e c -  
tion of L[iders bands at the sample  su r face .  P r e s u m -  
ably, complete  s epa ra t i on  did not occur  because  the 
c rack  nuc le i  become blunted  as they moved out of the 
zone where  the Lfiders bands in t e r sec t ed .  

C ONC LUS IONS 

I) The p las t ic  ex tens ion  of e l ec t ro ly t i c  tough pitch 
Cu can proceed  with the deve lopment  of L/Jders bands .  
The n u m b e r  of bands detec table  with the r ad ia t ion  de-  
tec t ion sys t em employed here i n c r e a s e s  l i nea r ly ,  but 
only s l ight ly ,  with s t r a i n .  The i r  p r o m i n e n c e  also in -  
c r e a s e s  with s t r a i n  sugges t ing  that  they tend to con-  
t inue to funct ion as individual  bands  throughout  de fo r -  
mat ion  to f r a c tu r e .  

H) At s t r a i n  r a t e s  of 100 to 172 s -1, the average  
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t e m p e r a t u r e  d i f fe rences  a c r o s s  the b o u n d a r i e s  of 
Lfiders bands depended on the s t r a i n ,  but  r anged  f r o m  
0 to 18~ The average  of a l l  the m e a s u r e d  t e m p e r a -  
tu re  d i f fe rences  was 8.6~ 

III) T e m p e r a t u r e  d i f fe rences ,  imply ing  s t r a i n s  l a rge  
enough to cause  c racks ,  occur  at ave rage  s t r a i n s  con-  
s i d e r a b l y  below the average  s t r a i n  that  c o r r e s p o n d s  
with f r a c t u r e .  F u r t h e r m o r e ,  c r a c k  nuc le i  develop b e -  
fore  complete  fa i lu re ,  which is in a g r e e m e n t  with the 
t h e r m a l  m e a s u r e m e n t s .  This  is p r e s u m a b l y  poss ib le  
because  the c rack  nucle i  become b lunted  as they p rop -  
agate into r e l a t i v e l y  undeformed m a t e r i a l .  

APPENDIX 

Ca l ib ra t ion  of Detect ion Sys tem 

The s i m p l e s t  ca l ib ra t ion ,  and the one that  is mos t  
often used,  appl ies  when there  is a t e m p e r a t u r e  change 
alone.  R is a s s u m e d  that the vol tage s igna l  of the de-  
tec t ion sys t em is a l i nea r  funct ion of the sample  t e m -  
p e r a t u r e ,  and the cons tan t  of p ropo r t i ona l i t y  is found 
in p r e t e s t  e x p e r i m e n t s  in which the t e m p e r a t u r e  of 
the sample  is changed with an a ux i l i a r y  hea t ing  device.  

However,  du r ing  the p las t ic  de fo rma t ion  of a meta l ,  
the re  a re  s e v e r a l  changes bes ides  those in the te rn-  
pe r a t u r e ,  and these changes a re  man i f e s t ed  in the vo l t -  
age r e c o r d s .  It is well  known that  as an annea led  meta l  
is  de fo rmed  the dens i ty  of c r y s t a l l i n e  defec ts  i n c r e a s e s .  
The opt ical  consequence  is  that  the e m i s s i v i t y  of the 
sample  i n c r e a s e s  with s t r a in .  In addit ion,  the su r face  
topography changes with s t r a i n  because  of the i nhomo-  
geneous p las t ic  flow which is c h a r a c t e r i s t i c  of me t a l s .  
This leads  to s e ve r a l  opt ical  effects  that  mus t  be taken 
into account  for  a p rope r  ca l ib ra t ion .  Included in these  
changes is the change in degree  by which the meta l  ap-  
p rox ima te s  a L a m b e r t  r ad ia to r .  There  is a lso a change 
in the r a d i a t i on  detec table  f rom the s u r r o u n d i n g s  that 
accompan ies  the topographica l  changes .  This  change 
o c c u r s  in p a r t  s imp ly  because  the sample  is a r e f l e c -  
tor  so that changes in the o r i e n t a t i on  of su r face  e l e -  
ments  can r e s u l t  in a change in the f r ac t i on  of the e n -  
e rgy  detected f rom the m i r r o r s  of the de tec t ion  s y s -  
tem,  the s u r r o u n d i n g s  and the de tec to r  i tse l f .  F u r t h e r -  
more ,  some sur face  e l e m e n t s  may  become o r i en ted  
r e l a t ive  to o the r s  in such a way that they re f l ec t  r a d i -  
a t ion f rom the sample ,  in i t i a l ly  i m p r o p e r l y  d i r ec t ed  
for detect ion,  toward the de tec tor .  

In the event  that  each of the de tec table  s o u r c e s  of 
ene rgy  is a cont inuous funct ion of s t r a i n ,  it  has been  
shown that  the t e m p e r a t u r e  change AT re l a t ed  to the 
vol tage m e a s u r e m e n t  AV is given by is 

ef  

Av  - c f f ( ~ )  d~ 
o 

,~" = [61 
(~V/~r)e / ' 

where f ( e )  = ~ ( E  i + E 1 + E s + E r ) / O e  , E i is the e n e r g y  
n a t u r a l l y  emi t t ed  by the sample ,  E 1 is the d i f fe rence  
in ene rgy  emi t t ed  f rom that  of a L a m b e r t  r ad i a to r ,  E s 

is the e n e r g y  f rom the s u r r o u n d i n g s ,  E r is the e n e r g y  
emi t t ed  f rom the sample  that  r eaches  the de tec to r  by 
r e f l ec t ing  off another  pa r t  of the sample ,  e f  is the av -  
e rage  s t r a i n  over  a gage length at l e a s t  as l a rge  as 
the d i a m e t e r  of the f ield of view and C is  a cons tan t  
that is c h a r a c t e r i s t i c  of the de tec t ion  s y s t e m  and gives 
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the change in vo l tage  per  unit  ene rgy .  Keeping t r ack  
of s t r a i n  on a s m a l l e r  s ca l e  is not n e c e s s a r i l y  useful  
s ince  the d e t e c t o r  i n d i s c r i m i n a n t l y  adds the e f fec t s  
of a l l  the e n e r g y  it  r e c e i v e s .  If m o r e  than one s t r a i n  
l e v e l  e x i s t s  in the f ie ld  of v iew,  the re  can a lso  be a 
cont inuum of t h e r m a l  s t a t e s .  In the spec i a l  ca se  when 
p l a s t i c  changes  a r e  adiabat ic  and o c c u r  on a s m a l l e r  
s ca l e  than the f ie ld  of view,  it might  be poss ib le  to r e -  
la te  t e m p e r a t u r e  changes  with each  of the m i c r o s t r a i n s .  
In this  case ,  the f r ac t ion  of the to ta l  r ad ia t ion  f r o m  
each  s t r a i n  l eve l  mus t  be known and taken into account .  

The imp l i ca t ion  of Eq. [6] is that  for  spec i a l  condi -  
t ions one can d e t e r m i n e  the t e m p e r a t u r e  of a d e f o r m -  
ing me ta l .  The re  a r e  o ther  s i tua t ions  fo r  which f u r -  
the r  p r e c a u t i o n s  may be r e q u i r e d .  An example  would 
be for  the poss ib le  s i tua t ion  in which de fo rma t ion  in-  
duces  a phase t r a n s f o r m a t i o n  that a l so  depends on 
t ime .  

At this  point, it is wor th  e l abo ra t i ng  f u r t h e r  on the 
app l i cab i l i ty  of Eq. [61 in the l ight  of r e a l  phenomena.  
The s i m p l e s t  s i tua t ion  a r i s e s  when the i nhomogene i -  
t i e s  a r e  on a fine sca le  with r e s p e c t  to the f ie ld  of 
v iew and the heat ing  appea r s  un i fo rm.  Then, f (e) and 
(~V /~T)e  are  r e ad i l y  d e t e r m i n e d  s ince  the re  is no 
no t iceab le  v a r i a t i o n  with pos i t ion  on the sample .  T e m -  
p e r a t u r e  changes  d e t e r m i n e d  for  these  condit ions a re  
n e c e s s a r i l y  an a v e r a g e  r e su l t .  

The e f fec t  to be analyzed,  however ,  was not in an 
a v e r a g e  condit ion,  but in the d i f f e r ence  in t h e r m a l  
s t a t e s  of m a t e r i a l  bounding a p las t i c  d iscont inui ty .  
Without p r i o r  knowledge about the de fo rma t ion ,  the re  
is no way of knowing whether  or  not such a d e t e r m i -  
nat ion can be made.  Accordingly ,  the IR de tec t ion  
s y s t e m  was used to e s t a b l i s h  some fea tu re s  of the 
de fo rma t ion  and the f ea s ib i l i t y  of m e a s u r i n g  the t e m -  
p e r a t u r e  d i f f e r ence  d e s c r i b e d .  The m e a s u r e m e n t s  
a r e  d e s c r i b e d  next along with a d e t e r m i n a t i o n  of 
(aV/aT)c  a f te r  a f ixed amount  of de fo rma t ion .  

C h a r a c t e r i z a t i o n  of Voltage M e a s u r e m e n t s  

Each of the s p e c i m e n s  used for  ca l ib ra t ion  pu rposes ,  
excep t  one undefo rmed  r e f e r e n c e  sample ,  was e lon -  
gated q u a s i s t a t i c a l l y  to a d i f fe ren t  s t r a in ,  unloaded 
and equ i l i b r a t ed  with r o o m  t e m p e r a t u r e  for  o b s e r v a -  
t ions r e l a t i v e  to (~V/~e)T ' v, (~V/&v)7; e and 
(aV/OT)e, x.  The f inal  nomina l  s t r a i n s  were  4.86, 9.93, 
14.39, 20.16, 26.69 and 28.23 pet.  These  s t r a i n  m e a -  
s u r e s  w e r e  made o v e r  a 4 cm gage length,  and are ,  
t h e r e f o r e ,  an indicat ion of the a v e r a g e  s t r a in  only. 
The s t r a i n  on a f i ne r  sca l e  wil l  be d e s c r i b e d  l a t e r .  

The a v e r a g e  m e a s u r e d  value  of A V / A T  for  the Cu 
in i ts  in i t ia l  s ta te  was 5.09 mV/~  The devia t ion  of 
the mean  for  these  m e a s u r e m e n t s  was 0.19 mV/~  
Af ter  the Cu had been d e f o r m e d  28 pet, this ra t io  was 
found to be 16.77 mV/~  The devia t ion  f r o m  the mean 
r e f l e c t s  s c a t t e r  in the data  that  was p r i m a r i l y  due to 
the fanning act ion of the chopper  on the sample  and 
v a r i a t i o n s  with pos i t ion  in the op t ica l  p r o p e r t i e s  of 
the chopper  which no t i ceab ly  af fec ted  the vo l tage  
s igna l s .  

Radia t ion  m e a s u r e m e n t s  for  the d e t e r m i n a t i o n  of 
changes  in the s ignal  vo l tage  with pos i t ion  and s t r a in  
fo r  the Cu in the in i t ia l  s ta te  and a f t e r  e longat ion  to 
each  of the s t r a i n s  l i s t ed  above w e r e  obtained by s c a n -  

ning the s a m p l e s  and chopping the r ad i a t i on  with the 
A m e r i c a n  T ime  P roduc t s  tuning fork .  A r e c o r d  r e p -  
r e s e n t a t i v e  of these  m e a s u r e m e n t s  is shown in Fig.  
12. 

The r e c o r d s  obta ined  for  in fo rmat ion  about changes 
with pos i t ion  and s t r a i n  w e r e  e x t r e m e l y  in fo rma t ive .  
It is c l e a r  that  at each  s t r a i n  l eve l  t h e r e  w e r e  reg ions  
of the s ample  f r o m  which a p p r o x i m a t e l y  constant  
amounts  of r ad ia t ion  w e r e  de tec ted .  These  r eg ions  
w e r e  s e p a r a t e d  by boundar i e s  that w e r e  thin c o m -  
pa red  with the i r  width in the d i r e c t i o n  of scanning 
which was along the t ens i l e  axis  (see Fig.  12). The 
subdiv is ion  of the s a m p l e s  into these  r eg ions  was ob-  
s e r v a b l e  at al l  l e v e l s  of p las t i c  s t ra in .  Hence,  it is 
concluded that  these  r eg ions  s t a r t ed  to f o r m  s i m u l -  
t aneous ly  with yie lding.  The magni tudes  of the vol tage 
i n c r e m e n t s  encoun te r ed  as the s a m p l e s  w e r e  scanned 
f r o m  reg ion  to r e g i o n  i n c r e a s e d  with s t r a in .  The av-  
e r a g e  of these  i n c r e m e n t a l  vol tage  changes  is plotted 
in Fig.  13 vs  a v e r a g e  s t r a in .  While these  vol tage in-  
c r e m e n t s  began at y ie ld  and b e c a m e  m o r e  p rominen t  

Fig. 12--Chopped signal from copper elongated 28.23 pet. 
1 volt/c.m vertical scale, llorizontal sweep corresl)onds to 
1.27 cm on the coi)per surface parallel with the tensile axis. 

Fig. 13--Incremental voltage changes due to differences in 
the infrared radiation detected from adjacent regions in de- 
formed copper. 
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with s t ra in ,  the total  number  of r eg ions  per  unit length 
along a sample  changed only s l igh t ly  with s t r a in  (see 
Fig.  14). The ave rage  number  of r eg ions  o v e r  the 
length scanned,  1.27 cm, was a p p r o x i m a t e l y  63 so the i r  
a v e r a g e  length was 0.02 cm. Let  this  length be X. 

The a v e r a g e  de tec tab le  r ad ia t ion  f r o m  the copper  in -  
c r e a s e d  with s t r a in .  This  was m e a s u r e d  as the change 
with s t r a i n  in the p e a k - t o - p e a k  s igna l  f r o m  the chopper  
and the sample ,  a v e r a g e d  ove r  the to ta l  s ample .  This 
is a d i f f e ren t  m e a s u r e m e n t  than the change in r ad ian t  

e n e r g y  f r o m  ad jacen t  r eg ions  on a s a m p l e  as d e s c r i b e d  
in the p a r a g r a p h  above.  It was found that  the a v e r a g e  
p e a k - t o - p e a k  vol tage  d i f f e r ence  d e c r e a s e d  with s t r a i n  
(see  Fig.  15). Since the vanes  of the A m e r i c a n  T ime  
Produc t s  chopper  w e r e  painted black,  they e m i t t e d  
m o r e  e n e r g y  than the copper  when both w e r e  at  the 
s a m e  t e m p e r a t u r e .  Hence,  the d e c r e a s e  in p e a k - t o -  
peak vo l tage  o b s e r v e d  c o r r e s p o n d s  to an i n c r e a s e d  
e m i t t a n c e  of the copper  with s t r a in .  

Fig. 14--The number of regions into which tensile specimens 
were subdivided by plastic deformation. 

Fig. 15--Average change in radiation detectable from copper 
after deformation. 

Fig. 16--L[iders bands in copper elongated 26.7 pct. 
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Scale of Deformat ion  

The subd iv i s ion  of the Cu r evea led  by the rad ia t ion  
r e c o r d s  c l e a r l y  ind ica tes  that 0.02 cm was an i m p o r -  
tant  d i m e n s i o n  in the deformat ion .  While the o sc i l l o -  
graphs  v e r y  def in i te ly  documented  the ex i s tence  of the 
r eg ions ,  there  was nothing v i s ib le  to the naked eye on 
the f i r s t  s a m p l e s  obse rved  that r e l a t ed  to :V in any way. 
At f i r s t ,  it was thought that the reg ions  were  the r e -  
su l t  of p l a s t i ca l l y  induced topographica l  changes in the 
v ic in i ty  of g ra in  bounda r i e s .  It had been  demons t r a t ed  
in  p r e l i m i n a r y  t e s t s  that s i m i l a r  changes  in detectable  
r ad ia t ion  did occur  as g r a in  bounda r i e s  were  c r o s se d  
in l a r g e - g r a i n e d  po lyc rys t a l s .  However,  the average  
g ra in  d i a m e t e r  of the su r f ace s  mon i to red  was only 
0.00165 cm, which is much s m a l l e r  than X. This ind i -  
ca tes  that  the r eg ions  in ques t ion depended on defor -  
mat ion  that p e r m e a t e d  s eve ra l  g ra ins .  

Visual  and mic ro scop i c  optical  obse rva t i ons  led to 
the ident i f ica t ion  of L~iders bands at l a rge  nomina l  
s t r a i n s .  The bands o c c u r r e d  in s e v e r a l  o r i en ta t ions  
and with i r r e g u l a r  shapes .  A photograph of c l e a r l y  
obse rvab l e  LUders bands is shown in Fig.  16. This 
may be a new obse rva t ion  as no p rev ious  r epo r t s  of 
L~iders band deve lopment  in t ens i l e  spec imens  of 
copper are  known to the authors .  It is concluded that 
the r eg ions  revea led  so d i s t inc t ly  with the IR de tec -  
tor  were  p r i m a r i l y  L~iders bands .  The impl ica t ion  is 
that  the e n t i r e  de format ion  involved the repe t i t ive  ac-  
tion of L~iders bands .  Apparent ly,  a f inite deve lopment  
was r equ i r ed  before  they could be seen,  which is why 
they were only v i s ib le  at la rge  s t r a i n s .  The s i m u l t a -  
neous o c c u r r e n c e  of yield and the fo rmat ion  of L(iders 
bands  has been r e f e renced  repea ted ly  in the l i t e r a -  
tu re .  TM It is a lso  usua l ly  accepted that  the s e r r a t e d  
s t r e s s - s t r a i n  curve ,  or  P o r t e v i n - L e  Chate l ie r  effect, 
is  a consequence  of yield type behavior .  19 Then. if 
y ie ld ing were  through the fo rmat ion  of Ldders  bands,  
it follows that,  as s t r a i n  proceeds ,  de fo rmat ion  might 
cont inue to be by Ldders  bands .  There  a re  p r ac t i ca l l y  
no r e p o r t s  in which it has been proposed that Liiders 
bands  cont inue to funct ion as such throughout  the e n -  
t i r e  course  of deformat ion ,  i .e . ,  to f r ac tu re .  On the 
o ther  hand, Phi l l ips  et  a l .  have shown v e r y  e legant ly  
that  in a lu rn inum-3  m a g n e s i u m  al loys L(iders bands 
cont inue to develop as long as the m a t e r i a l  is de-  
fo rmed .  9 The r e s u l t s  r epor t ed  in Figs .  12 through 14 
a re  s t rong  evidence  that the p r o g r e s s  of s t r a i n  in cop- 
per  can also be through the s u c c e s s i v e  d iscont inuous  
func t ion ing  of Lfiders bands .  

It was convenien t  that,  for the loading condi t ions  
and sample  d i m e n s i o n s  used,  the widths of the LiJders 
bands were  approx ima te ly  equal  to the f ield of view 
of the de tec t ion  sys tem.  This condi t ion left  the pos s i -  
b i l i ty  of m e a s u r i n g  the m a x i m u m  t e m p e r a t u r e  d i f fe r -  
ence between these  bands and the ad jacen t  pa r t s  of the 
sample  with the IR detect ion sys t em.  Of course ,  s e n -  
s ib le  m e a s u r e m e n t s  could only be made if the heat ing 
within the Liiders  bands  were  un i fo rm.  

It m u s t  be expected,  however ,  that the heat ing within 
Lfiders bands  is  not un i fo rm s ince  it  a r i s e s  f rom the 
m i c r o m e c h a n i s m s  of p las t ic  flow, i . e . ,  dis loca t ion  mo-  
t ion and r e l a t ed  ann ih i la t ion  p r o c e s s e s .  Accordingly,  
it  would be i n c o r r e c t  to a s s u m e  that  the heat ing within 
a Liiders band could be r e p r e s e n t e d  by one t e m p e r a -  

tu re .  Actually,  there  mus t  be many  t h e r m a l  s ta tes  
within a de fo rming  band r a t h e r  than one. 

On the o ther  hand, i t  has been  shown that the hea t -  
ing by the mot ion  of individual  d i s loca t ions ,  moved by 
s t r e s s e s  equal  to or  l e s s  than the u l t ima te  tens i le  
s t r eng th  of the m a t e r i a l ,  cause only s m a l l  t e m p e r a t u r e  
changes ,  e~ These a re  on the o r de r  of a f rac t ion  of a 
degree .  F u r t h e r m o r e ,  the m a x i m u m  t e m p e r a t u r e  
change to be expected f rom d is loca t ion  annih i la t ion  
is not more  than approx imate ly  3~ 13 In addition, the 
heat ing by the mot ion  and ann ih i la t ion  of individual  
d i s loca t ions  mus t  quench out quickly,  and the s l ip  
within Liiders bands  is  d i s t r ibu ted  throughout  the 
band.  Under  these  condi t ions ,  it  may be reasonab le  
to a s s ign  an average  t e m p e r a t u r e  to a L~iders band 
and to view the t h e r m a l  va r i a t i ons  f rom dis loca t ion  
mot ion and ann ih i la t ion  as t e m p e r a t u r e  pe r tu rba t ions  
f rom the average .  Then, if dur ing  deformat ion ,  a v e r -  
age t e m p e r a t u r e  changes of a degree  or more  are  
m e a s u r e d ,  they should be r e a s o n a b l y  r e p r e s e n t a t i v e  
of the average  t e m p e r a t u r e  change within a Ldders  
band,  and this was the point  of view that was taken in 
t r ea t ing  the data  of this  r epor t .  

Data In te rp re ta t ion  

Eq. [6] is r ead i ly  appl icable  to the de t e r mina t i on  
of the t e m p e r a t u r e  d i f ference  r e l a t ed  to a p las t ic  in -  
homogenei ty  1) when there  are  d i s t inc t  r eg ions  bound- 
ing a p las t ic  t r a n s i t i o n  that can be t r a v e r s e d  by the 
de tec tor  and 2) when the regions  involved a re  as la rge  
or  l a r g e r  than the field of view of the de tec tor  and 3) 
when each region  is t h e r m a l l y  un i form.  The surface  
scans  of the p rev ious ly  deformed s a mp l e s  indicated 
that  to a f i r s t  approx imat ion  these condi t ions  did ap-  
ply. Let the r eg ions  bounding the p las t ic  t r ans i t i on  be 
labeled A and B. Then, when the de tec tor  sensed  r a -  
d ia t ion f rom Region A, the t e m p e r a t u r e  change AT A 
due to the s t r a in  (ef)A f rom the in i t ia l  s tate  is given 
by Eq. [61. A s i m i l a r  t e m p e r a t u r e  change with s t ra in ,  
i . e . ,  A T B ,  is r e co rded  by the de tec tor  while viewing 
Region B. When the de tec tor  scans  the sample  dur ing 
de format ion  and c r o s s e s  a p las t ic  t r a n s i t i o n  zone, the 
t e m p e r a t u r e  d i f fe rence  of the two reg ions  is given by 
A T  = A T  A -- A T  B .  This a s s u m e s  that the deformat ion  
that  occur s  while the t r a n s i t i o n  zone is passed  is neg-  
l ig ib le .  Burs t s  of r ad ia t ion  that occur  while the de-  
tec tor  is e s s e n t i a l l y  viewing a fixed a rea ,  as were 
apparen t ly  obse rved  at the low s t r a i n  leve ls ,  are  not 
given by this d i f fe rence .  Those changes a re  given by 
a d i r ec t  appl ica t ion of Eq. [6]. The t h e r m a l  i n c r e -  
ments  obse rved  were  t rea ted  as though they were r e -  
vea led  by the scann ing  of two reg ions  fac i l i ta ted  by the 
s t r e t ch ing  of the s a mp l e s  under  the fixed focal  point of 
the de tec tor .  However,  it is noted that dur ing  a test ,  
the s ignal  f rom t r a v e r s i n g  a p las t ic  t r a n s i t i o n  zone 
could not be d i s t ingu ished  f rom the abrupt  s ignal  that 
would occur  if a r eg ion  suddenly  deformed  a grea t  
deal  while in the f ield of view. 

Proceed ing  as though the s igna l s  were  p r i m a r i l y  
due to the passage  of the f ield of view over  a plas t ic  
t r a n s i t i o n  zone and expanding the e x p r e s s i o n  for AT 
with Eq. [6] gives the t e m p e r a t u r e  d i f fe rence  as 
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A T  = (AkV)A -- (AV)B  
( 8 V /  aT)e 

~ e f )B  
CLJo )A f ( e ) d e  - o  f ( e )  d 

( a v / a T ) e  

[7] 

T h e  f i r s t  t w o  t e r m s  i n  t h e  n u m e r a t o r  c o r r e s p o n d  to  

t h e  v o l t a g e  i n c r e m e n t s  t h a t  w e r e  m e a s u r e d  d u r i n g  a 
t e s t ,  i . e . ,  A V  i = (AV)A  -- ( A V ) B .  The  t h i r d  t e r m  in  
t h e  n u m e r a t o r  i s  t h e  c o r r e c t i o n  f o r  t h e  n o n t h e r m a l  
e f f e c t s  t h a t  h a v e  a l r e a d y  b e e n  d e s c r i b e d ,  a n d  i t s  m a g -  
n i t u d e  w a s  m e a s u r e d  a s  AVp i n  t h e  p o s t  t e s t  s c a n s  o f  
t h e  s a m p l e s  t h a t  w e r e  e l o n g a t e d  to  f i x e d  s t r a i n s .  In  
t h o s e  m e a s u r e m e n t s ,  &Vp w a s  c a l i b r a t e d  w i t h  r e s p e c t  
to  t h e  a v e r a g e  s t r a i n  o f  t h e  s a m p l e ,  a n d  t h e  r e s u l t s  a r e  
g i v e n  i n  F i g .  13 .  A n  a p p r o x i m a t i o n  w a s  i n t r o d u c e d  i n t o  
E q .  [7] b y  d i v i d i n g  t h e  v o l t a g e  c h a n g e s  o f  b o t h  r e g i o n s  

b y  t h e  v a l u e  o f  ( a v / a T )  e t h a t  c o r r e s p o n d e d  w i t h  t h e  
a v e r a g e  s a m p l e  s t r a i n .  T h i s  w a s  n e c e s s a r y  s i n c e  t h e  
e x a c t  l o c a l i z e d  s t r a i n s  o f  t h e  s a m p l e  w e r e  u n k n o w n .  
T h i s  a p p r o x i m a t i o n  i s  n o t  u n r e a s o n a b l e  s i n c e  t h e  v a l u e  

o f  ( a v / a T ) e  w a s  n o t  s t r o n g l y  d e p e n d e n t  o n  s t r a i n .  T h u s ,  
t o  a f i r s t  a p p r o x i m a t i o n  t h e  t e m p e r a t u r e  d i f f e r e n c e s  
d u e  to  t h e  i n h o m o g e n e o u s  n a t u r e  o f  t h e  d e f o r m a t i o n  

f o l l o w  f r o m  E q .  [7] a n d  a r e  g i v e n  b y  E q .  [1] .  
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