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Tens i l e  tes ts  us ing  c o a r s e  gra ined  z i r con ium spec imens  were  conducted at two s t r a in  r a t e s ,  
differ ing by 3 o r d e r s  of magnitude,  between 77 ~ and 1032~ At each s t r a in  ra te ,  peaks were  
observed  when the flow s t r e s s  was plotted agains t  the t empe ra tu r e .  The t e m p e r a t u r e  c o r r e s -  
ponding to a given peak was observed to r i s e  with i n c r e a s i n g  s t r a in  ra te .  A pronounced m i n i -  
mum in the s t r a in  ra te  sens i t iv i ty  of z i r c on i um nea r  675~ can be explained in t e r m s  of the 
s t r a in  ra te  dependence of these peaks. At each s t r a in  rate,  the z i r con ium tens i le  spec imens  
also showed a m i n i m u m  elongation at the harden ing  peak t e m p e r a t u r e .  Since the reduct ion in 
a rea  did not pass  through a cor responding  m i n i m u m ,  the elongation m i n i m a  do not ref lec t  a 
t rue  ducti l i ty loss .  What actual ly takes place is  an i nc rea sed  tendency to neck at the hardening  
peak t empe ra tu r e .  This  tendency to promote  a neck can be ra t iona l ized  in t e r m s  of va r i a t i ons  
in the s t ra in  ra te  sens i t iv i ty  caused by dynamic  s t r a in  aging. 

S T R A I N  aging is a wel l -known phenomenon that occurs  
in many ma te r i a l s ,  inc luding mi ld  s teel .  When a spe-  
c imen  is  deformed beyond the yield point, unloaded, 
and then reloaded,  a sharp  yield point is  not observed .  
However,  if the spec imen  is  aged suff icient ly in the 
unloaded condit ion and tes ted again,  the yield point r e -  
t u rns .  At those t e m p e r a t u r e s  where  it i s  no rma l ly  
s tudied,  this phenomenon usua l ly  occurs  over a f ini te  
per iod  of t ime.  However,  s t r a i n  aging can be explained 
in t e r m s  of dis locat ion pinning by diffusing impur i ty  
a toms I so that the k ine t ics  of the p rocess  should de -  
pend la rge ly  on the diffusion r a t e s  of the impur i ty  
a toms .  As a resu l t  s t r a i n  aging phenomena may occur  
s imul t aneous ly  with deformat ion  if the t e m p e r a t u r e  is  
su i tably  ra i sed .  When this  happens,  the meta l  i s  said 
to undergo dynamic s t r a in  aging. The dynamic a spec t s  
of s t r a in  aging that have been identif ied a re  a) the ap-  
pea rance  of pla teaus  or peaks in flow s t r e s s - t e m p e r a -  
tu re  d i ag rams ,  b) d iscont inuous  yielding or the P o r -  
t ev in -LeCha t e l i e r  phenomenon,  c) abnormal ly  low 
s t r a i n  ra te  sens i t iv i ty ,  d) abnormal  work ha rden ing  
r a t e s ,  and e) duct i l i ty  m in ima .  2,3 Dynamic s t r a in  aging 
man i fe s t s  i tself ,  at leas t  to some degree,  in one or  
more  of these aspects  in most  meta l l i c  m a t e r i a l s .  

The study of the va r i a t ion  of the compre s s iv e  flow 
s t r e s s  of columbium(niobium) with t empera tu re  by 
W e s s e l ,  F r ance ,  and Begley 3 is  worth noting. They ob- 
se rved  that the flow s t r e s s ,  ins tead  of dec reas ing  
s teadi ly  with a r i s e  in t e m p e r a t u r e ,  showed peaks at 
in te rmedia te  t e m p e r a t u r e s .  Two peaks were obtained 
at a s t r a i n  rate  of 10 -4 sec-1;  one at about 230 ~ and the 
other  at 400~ On i n c r e a s i n g  the s t r a in  ra te  by a fac-  
tor of 10, the peaks moved to higher  t e m p e r a t u r e s ,  
namely ,  about 300 ~ and 450~ respec t ive ly .  These 
peaks,  which will be r e f e r r e d  to as hardening  peaks,  
a re  therefore  s t r a in  ra te  dependent .  Wesse l ,  F r a n c e ,  
and Begley a t t r ibuted the lower t empe ra tu r e  peak to 
oxygen a toms in solut ion,  and the higher  t e m p e r a t u r e  
peak to n i t rogen  and /o r  carbon  in solut ion.  

S imi la r  shifts  in ha rden ing  peak t e m p e r a t u r e s  with 
changes in s t r a in  rate  have also been repor ted  in mi ld  
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s teel  by Manjoine 4 and Nadai and Manjoine,  ~ and in 
Fe -N as well  as F e - M n - N  al loys by Bai rd  and J a m i e -  
son. 6 In the hcp meta l  t i t an ium,  two hardening  peaks 
have also been observed  by Monteiro,  Santhanam, and 
Reed-Hil l .  r They used spec imens  of 16 /~ gra in  s ize  
which were  tes ted between 77 ~ and 1133~ at s t r a i n  
ra tes  va ry ing  through 5 o rde r s  of magni tude.  

The s igni f icance  of these harden ing  peaks has been 
more  or l ess  ignored.  However,  at or  a round the t em-  
pe ra tu r e  defining the center  of these peaks,  the other 
aspects  of dynamic  s t r a in  aging a re  usua l ly  most  p ro -  
nounced. F u r t h e r m o r e ,  as this paper  will  show, the 
abnormal  s t r a in  ra te  sens i t iv i ty  behavior ,  f requent ly  
observed in a dynamic s t r a in  aging m a t e r i a l ,  can be 
re la ted  to the s t r a i n  ra te  dependence of these peaks.  
It will  also be shown that these peaks a re  c losely  a s -  
sociated with the apparent  low duct i l i ty  of some meta l s  
in the dynamic s t r a in  aging region.  This  paper  speci f i -  
cally r e f e r s  to data obtained us ing z i r con ium spec i -  
mens ,  but the r e su l t s  may well have appl icat ion to 
other me ta l s .  

E X P E ~ M E N T A L  

Reactor  grade  z i r con ium bar  stock was obtained 
f rom React ive  Metals ,  Inc. The average  ingot compo-  
s i t ion of the meta l  is  given in Table  I. The ba r s  were 
swaged to 75 pct reduct ion in a rea .  Tens i l e  spec imens  
p repared  f rom the swaged rods were  r e c r y s t a l l i z e d  by 
anneal ing in a ge t te red  vacuum for 1 hr  at 580~ They 
were  then c r i t i ca l l y  s t ra ined  8 and r eannea led  in vac -  
uum for 200 hr  at 570~ to produce a un i fo rm 0.15 mm 

1 gra in  s ize.  The 1~ in.  long by ~- in. d iam gage sect ions  

Table I. Average Ingot Analysis of Reactor Grade Zirconium 

Element ppm Element ppm Element ppm 

AI 28 Fe 260 O 1050 
B 0.27 H 10 Pb <20 
C 149 Hf 84 $1 49 
Ca <20 Mg <10 Sn <20 
Cd <0.25 Mn <20 T1 <20 
Co <10 Mo <20 U <0 2 
Cr <20 N 36 V <20 
Cu <20 Na <10 W <20 

Nx <20 
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were  chemical ly  machined  in a solut ion of 5 p a r t s  by 
vo lume HaO, 4 pa r t s  HNOa, 2 pa r t s  HC1, and 1 pa r t  HF. 
Since chemical  machin ing  tends to in t roduce sur face  
hydr ides ,  the gage sec t ions  were f inished by e l e c t r o -  
pol ishing at -55~ in a bath of 59 par t s  by vo lume 
methanol ,  35 par t s  n -bu tano l ,  and 6 par t s  HCIO4, us ing  
a z i r con ium cathode. The d i ame te r  was m e a s u r e d  
carefu l ly  at i n t e rva l s  along the gage length, us ing  an 
optical  compara to r .  The spec imens  were tes ted in an 
Ins t ron  machine  at two different  s t ra in  r a t e s ,  1.3 • 
10 -5 and 1.3 x 10 -2 sec -~, at t e m p e r a t u r e s  f rom 77 ~ to 
1032~ Pu re  dry a rgon  a tmosphere  was employed in 
the higher t e m p e r a t u r e  tes ts .  In the lower t e m p e r a -  
tu re  tes ts  the spec imens  were  i m m e r s e d  in su i table  
r e f r i ge r an t s .  

RESULTS 

a) Harden ing  Peaks 

The flow s t r e s s - t e m p e r a t u r e  cu rves ,  co r r e spond ing  
to z i r con ium spec imens  deformed to s eve ra l  s t r a i n s  
at the higher s t r a in  ra te ,  a r e  plotted in Fig.  1. The 
hardening  peaks,  indica ted  by a r rows ,  a re  not as  p r o -  
nounced as the s i m i l a r  peaks  observed in 16 ~ g ra in  
s ize  t i t an ium spec imens .  The i r  smal l  s ize  may be a 
r e su l t  of the c o a r s e r  g ra in  s ize  of the p r e sen t  z i r c o n -  
ium spec imens .  The peaks a re  ea s i e r  to see when the 
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Fig. 1--Flow stress of zirconium for various strains vs tem- 
perature at a strain rate of 1.3 • 10 -2 s e c  -1 .  
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Fig. 2--Logarithm of the 0.2 pct yield stress of zirconium as 
a function of the temperature. 

flow s t r e s s  data a re  plotted on semi loga r i t hmic  coor -  
d ina tes .  This  is  done in Fig. 2 for 0.2 pct s t ra in .  S im-  
i l a r  cu rves  have been obtained for the flow s t r e s s  at 
higher  s t r a i n s .  In genera l ,  the logar i thm of the flow 
s t r e s s  of z i r con ium and t i t an ium tends to dec rease  
l i nea r ly  with i n c r e a s i n g  t e m p e r a t u r e ,  a-ll  It has a lso 
been obse rved  empi r i ca l ly  that pos i t ive  deviat ions  f rom 
these l ines  occur  in the same  t e m p e r a t u r e  ranges  
where those phenomena n o r m a l l y  assoc ia ted  with dy-  
namic  s t r a i n  aging a re  observed .  

At the higher  s t r a in  ra te ,  as may be seen in Fig. 2, 
the harden ing  peaks l ie at 875 ~ and 425~ while at the 
lower s t r a i n  ra te  they occur  at 675 ~ and about 300~ 
respec t ive ly .  Note that the higher  t e m p e r a t u r e  peak 
is  m o r e  pronounced than the lower  t e m p e r a t u r e  one. 

Next cons ide r  the high t e m p e r a t u r e  hardening  peak. 
A 3 o r d e r s  of magni tude s t r a in  ra te  change shifts  this  
peak by about 200 deg. A fu r the r  i n c r e a s e  in s t r a in  
rate  should move this peak to even higher  t e m p e r a -  
tu res .  In this  regard ,  it  is  i n t e r e s t i n g  that Simcoe and 
Thomas  12 obtained a hardening  peak in z i r con ium at 
1073~ us ing  a s t r a in  ra te  equivalent  to that employed 
in hot ro l l ing .  This  was about 2{- o r d e r s  of magnitude 
higher  than the fas te r  s t r a in  r a t e  of the p r e sen t  work.  
The locat ion of this peak is  thus in  r easonab le  a g r e e -  
ment  with the p re sen t  r e su l t s .  

b) Elongation Minima 

Fig. 3 shows the elongation of the zirconium speci- 
mens as a function of temperature. Note that at each 
strain rate the elongation tends to be a minimum at the 
temperature of the hardening peak. This effect, which 
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i s  mos t  eas i ly  seen at the higher  t empera tu re  h a r d e n -  
ing peak, suggests  a c lose  assoc ia t ion  between dynamic  
s t r a in  aging and the e longat ion min ima .  

In o rder  to check whether  the elongation m i n i m a  a re  
assoc ia ted  with b r i t t l e  c reep- rup tu re , l~  the spe c i me ns  
were  sect ioned and examined  meta l lographica l ly .  In 
the spec imens  deformed at t e m p e r a t u r e s  nea r  the up-  
per  hardening  peak, some poros i ty  was found. How- 
ever ,  s i m i l a r  poros i ty  was also observed,  although to 
a l e s s e r  degree ,  in spec imens  deformed at o ther  t e m -  
p e r a t u r e s  well above and below the t e m p e r a t u r e  of the 
ha rden ing  peaks.  It was the re fo re  concluded that the 
t ens i l e  duct i l i ty  m i n i m a  were  not due to i n t e r g r a n u l a r  
f r a c t u r e  of the type d i s cus sed  by Rhines and Wray.  ~a 

c) Reduction in Area  

In o rde r  to check whether  the duct i l i ty  is  r ea l l y  a 
m i n i m u m  in the dynamic  s t r a in  aging region and 
whether  the poros i ty  i s  a s soc ia t ed  with b r i t t l e  f r a c t u r e ,  
the percen tage  reduct ion in a r ea  of the spec im e ns  was 
m e a s u r e d  at al l  t e m p e r a t u r e s .  The r e su l t s  a re  shown 
in Fig.  3 for both s t r a in  r a t e s .  It is  c lear  that the r e -  
duct ion in a rea  i n c r e a s e s  cont inuously  with t e m p e r a -  
tu re  at both s t r a in  ra tes  and there  is  no m i n i m u m  in 
the reduct ion in a r ea  co r respond ing  to the e longat ion 
m i n i m u m .  F u r t h e r m o r e ,  in the upper  dynamic s t r a i n  
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Fig. 3--The percentage elongation and percentage reduction 
in area of zirconium vs the temperature for the two strain 
rates. 

aging region,  the reduct ion in a r e a  is  ve ry  la rge ,  about 
90 pct, ind ica t ing  a bas ica l ly  duct i le  f r ac tu re .  S imi la r  
fea tu res  a re  impl ied  in the published r e su l t s  on co lum-  
bium (niobium). Thus it is  seen that dynamic s t ra in  
aging condi t ions  reduce the elongation of the meta l  but 
not i ts  reduct ion  in a rea .  In other words ,  in these  
meta l s  dynamic  s t r a in  aging is  apparen t ly  not a s soc i -  
ated with b r i t t l e  f r ac tu re .  

DISCUSSION 

a) Dynamic St rengthening 

Dynamic s t r a in  aging in z i r con ium is  cha rac te r i zed  
by the appearance  of two peaks in the flow s t r e s s - t e m -  
pe ra tu r e  plot. It i s  bel ieved that they a r e  the resu l t  of 
the in t e rac t ion  of impur i ty  a toms with moving d i s loca-  
t ions.  Since the harden ing  peaks a re  t e m p e r a t u r e  and 
s t r a in  r a t e  dependent,  coupling between moving d i s -  
locat ions and diffusing impur i ty  a toms ,  when the ve lo-  
c i t ies  of the d is loca t ions  and i m p u r i t y  a toms a re  
roughly comparab le ,  i s  impl ied.  In other  words,  at a 
given s t r a i n  ra te  there  apparent ly  ex is t s  an opt imum 
t e m p e r a t u r e  for in t e rac t ion  between impur i ty  a toms 
and d is loca t ions .  

According to Povolo and Bisogni,  ~4 there  a re  three  
in t e rna l  f r ic t ion  peaks in z i r con ium due to hydrogen 
at 144 ~ 230 ~ and 292~ These  fall within the ob-  
served low t e m p e r a t u r e  dynamic s t r a in  aging region.  
In te rna l  f r ic t ion  peaks  due to oxygen, n i t rogen ,  and 
carbon in z i r con ium have not been repor ted .  However,  
in t i tan ium,  in t e rna l  f r ic t ion  peaks due to these e le -  
ments  have been repor ted  in the high t e m p e r a t u r e  dy-  
namic  s t r a i n  aging region at 700 ~ 788 ~ and 673~ 
respec t ive ly .  ~S,16 It i s  quite probable  that s i m i l a r  
peaks may also exist  in z i r con ium in the upper  dynamic 
s t ra in  aging t e m p e r a t u r e  range.  These  in t e rna l  f r i c -  
tion r e su l t s  a re  cons is ten t  with an a s sumpt ion  that the 
low t e m p e r a t u r e  peak in z i r con ium may be due to d i s -  
solved hydrogen and the high t e m p e r a t u r e  peak due to 
oxygen, n i t rogen ,  a n d / o r  carbon.  The d i f ference  be -  
tween the two reg ions  is  probably only one of degree.  

b) S t ra in  Rate Sens i t iv i ty  

The s t r a i n  ra te  sens i t iv i ty  of z i r con ium,  calculated 
f rom yield s t r e s s  data at the two s t r a i n  ra tes ,  i s  p lot-  
ted as a function of t e m p e r a t u r e  in Fig.  4. The genera l  
shape of the curve  is  quite s i m i l a r  to that obtained by 

.24 

.20 

i-16 

,12 

N .os 

/ 
/ 

200 400 600 BOO 1000 

TEMPERATURE - ~ 

Fig. 4--The effective strain rate sensitivity of zirconium as 
a function of the temperature. 
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Ramaswami  and Cra ig  ~7 for z i rcon ium,  and Montei ro  
et  a l .  u and Orava  et  a l .  ~a for t i tanium.  In gene ra l ,  the 
s t r a i n  ra te  sens i t iv i ty  tends  to i n c r e a s e  m o r e  or  l e s s  
l i nea r ly  with t e m p e r a t u r e  in a number  of me ta l s .  When 
it  fa l ls  below this s t ra igh t  l ine dynamic s t r a i n  aging 
phenomena a re  also observed .  Note the tendency for 
the s t ra in  rate  sens i t iv i ty  to be low in both the dynamic  

�9 . . o 

s t r a in  aging region nea r  300 K as well as that cen te red  
about 675~ The reg ions  of abnormal ly  low s t r a in  
ra te  sens i t iv i ty  in Fig.  4 can be explained in t e r m s  of 
the tendency for the t e m p e r a t u r e  cor responding  to the 
hardening  peaks to shift with a change in s t r a i n  ra te .  
This  can be unders tood f rom Fig. 2. Let us ,  for exam-  
ple,  cons ider  the higher  t e m p e r a t u r e  dynamic  s t r a i n  
aging region.  At about 675~ the two curves  a r e  c lose  
to each other,  implying  a ve ry  smal l  effective s t r a in  
ra te  sens i t iv i ty .  Above and below this t e m p e r a t u r e  
the curves  diverge,  sugges t ing  an i n c r e a s e  in s t r a i n  
ra te  sensi t iv i ty .  Thus one is  able to ra t iona l ize  the 
s t r a i n  rate  sens i t iv i ty  m i n i m u m  at 675 ~ K, shown in 
Fig.  4. The other m i n i m u m  at 300~ can a lso  be ex-  
p la ined in the same m a n n e r .  It should be pointed out 
that the exact t e m p e r a t u r e  of the min imum s t r a i n  ra te  
sens i t iv i ty  depends on the choice of s t r a in  r a t e s .  With 
a different  choice of s t r a in  ra tes ,  a different  t e m p e r a -  
tu re  should be obtained for the m i n i m u m  s t r a i n  r a t e  
sens i t iv i ty .  This is  because  the peak fal ls  at a d i f fe r -  
ent t empera tu re  at each s t r a in  ra te .  

c) Elongat ion Minima 

In the dynamic s t r a i n  aging region,  elongation m i n -  
ima  a re  observed which a re  not accompanied  by c o r -  
responding min ima  in the reduct ion in a rea .  This  i m -  
p l ies  that the elongation m i n i m a  a re  assoc ia ted  with 
an inc reased  tendency towards neck format ion .  When 
necking begins  it is  n o r m a l l y  assumed  that the i n c r e a s e  
in  s t r e s s  due to the reduc t ion  in spec imen  c r o s s  s e c -  
t ion a r ea  ba lances  the co r respond ing  i n c r e a s e  in 
s t rength  of the m a t e r i a l  due to s t r a in  hardening.  How- 
ever ,  in addition to these  fac tors ,  when a neck f o r ms  
the effective length of the gage sect ion is  a lso  m a r k -  
edly decreased .  This  means  that the s t r a in  ra te  in the 
necked region has to i n c r e a s e .  If the s t r a in  r a t e  s en -  
s i t iv i ty  is  high then the i n c r e a s e  in s t ra in  ra te  may 
i n c r e a s e  the r e s i s t a n c e  of the metal  to flow in the neck 
suff icient ly so that deformat ion  tends to occur  e l s e -  
where.  On the other  hand, this does not occur  if the 
s t r a i n  rate  sens i t iv i ty  is  ve ry  low or zero,  and the con-  
cen t ra t ion  of the de format ion  in the necked region  con-  
t inues ,  with the resu l t  that a sharp neck occurs .  

Now let us apply these  cons idera t ions  to the case  of 
z i r con ium in the upper  dynamic  s t ra in  aging in t e rva l .  
Cons ider  a spec imen being deformed at the s lower  
s t r a i n  rate  at a t e m p e r a t u r e  where  the effective s t r a in  
ra te  sens i t iv i ty  is  a m i n i m u m .  Therefore ,  when neck-  
ing s ta r t s ,  even though there  is  an i n c r e a s e  in s t r a i n  
ra te  in the necked region,  the flow s t r e s s  should not 
i n c r e a s e  appreciably .  Hence,  necking should cont inue 
in the same region and fa i lu re  without apprec iab le  
elongation should occur .  

Now cons ider  a s l ight ly  higher  t e m p e r a t u r e  where  
the effective s t r a in  ra te  sens i t iv i ty  is  higher .  Here  
s t r a in  ra te  hardening  should take place,  tending to 
force  deformat ion to occur  e l sewhere  in the spec imen .  
The r e su l t  should be a reduct ion in the sha rpn e s s  of 
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the neck. These  cons idera t ions  a re  in good ag reemen t  
with the z i r con ium s t r e s s - s t r a i n  curves ,  shown in Fig.  
5, co r re spond ing  to the two t e m p e r a t u r e s  873 ~ and 
923~ and a s t r a i n  ra te  1.3 • 10 -2 sec -~. At this s t r a i n  
ra te ,  873~ co r re sponds  to a m i n i m u m  effective s t r a in  
ra te  sens i t iv i ty ,  while 923~ co r r e sponds  to a s t r a i n  
ra te  sens i t iv i ty  that is  cons iderab ly  l a rge r .  Note that 
at 873~ the m a x i m u m  s t r e s s  is  reached af ter  17.4 
pct s t r a in ,  but the spec imen fa i l s  with a total  s t r a in  of 
only 34 pct,  whereas  at 923~ even though the max i -  
mum s t r e s s  is  reached e a r l i e r  at 11.8 pct s t ra in ,  the 
spec imen  cont inues  to elongate to about 108 pct before  
fa i lure .  Thus the effective s t r a in  ra te  sens i t iv i ty  is  a 
factor  con t ro l l ing  the elongation of the metal .  In this 
connect ion it  i s  i n t e res t ing  to note a plot f rom Wood- 
fo rd ' s  s u m m a r y  re la t ing  the s t r a in  ra te  sens i t iv i ty  to 
the percen tage  elongation for a va r i e t y  of m a t e r i a l s  
under  d i f ferent  tes t ing conditions.X9 The i n c r e a s e  in 
elongation with i n c r e a s e  in s t r a in  ra te  sens i t iv i ty  over  
a ve ry  wide range  is  s ignif icant .  In the p re sen t  work 
on z i r con ium,  the t e m p e r a t u r e  dependence of the e lon-  
gation with a m i n i m u m  in the dynamic  s t r a in  aging 
region is  in ag reemen t  with this  point of view. The 
p re sen t  r e s u l t s  a re  also in excel lent  ag reemen t  with 
the i n t e rp re t a t i on  of the role  of s t r a i n  ra te  sens i t iv i ty  
in superp las t i c i ty  by Backofen, T u r n e r ,  and A v e r y f  ~ 

CONCLUSIONS 

1) Two hardening  peaks have been observed  in the 
flow s t r e s s - t e m p e r a t u r e  curves  of coa r se  gra ined  
z i rcon ium.  These  peaks a re  c h a r a c t e r i s t i c  of dynamic  
s t ra in  aging. The low t e m p e r a t u r e  peak is  probably 
due to i n t e r ac t ions  between d is loca t ions  and hydrogen 
a toms,  and the high t e mpe r a t u r e  peak due to oxygen, 
n i t rogen,  a n d / o r  carbon.  

2) The harden ing  peaks a re  s t r a in  ra te  dependent,  
shift ing to higher  t e m p e r a t u r e s  with i n c r e a s e  in s t r a in  
ra te .  

3) At the t e m p e r a t u r e  of the cen te r  of the peak, the 
tens i le  elongat ion of z i r con ium tends to be a m i n i m u m  
at each s t r a in  ra te .  

4) The reduct ion in a rea ,  however ,  is  independent  
of dynamic  s t r a i n  aging. In fact,  i t  i s  quite la rge  in  the 
upper dynamic  s t r a in  aging region,  indicat ing ducti le  
f r ac tu re .  

5) The observed  var ia t ion  of the effective s t r a in  
ra te  sens i t iv i ty  with t empe ra tu r e ,  with a pronounced 
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m i n i m u m  a t  6 7 5 ~  i s  d i r e c t l y  a s s o c i a t e d  w i t h  t h e  s h i f t  

in  t h e  h a r d e n i n g  p e a k  t e m p e r a t u r e  w i t h  c h a n g e s  in  
s t r a i n  r a t e .  

6) T h e  p r e v a i l i n g  s t r a i n  r a t e  s e n s i t i v i t y  w h i c h  i s  a 
m i n i m u m  u n d e r  d y n a m i c  s t r a i n  a g i n g  c o n d i t i o n s  l e a d s  

to  m i n i m u m  e l o n g a t i o n  in  t h e  d y n a m i c  s t r a i n  a g i n g  

r e g i o n .  

7) B e y o n d  the  d y n a m i c  s t r a i n  a g i n g  r e g i o n ,  t h e  e f -  

f e c t i v e  s t r a i n  r a t e  s e n s i t i v i t y  c a n  b e  l a r g e  a n d  c a n  

l e a d  to l a r g e  e l o n g a t i o n s .  
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