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Letter 
A Method for Determining the Thermal 
and Athermal Components of Flow Stress 
from Stress-Relaxation 

I t  is now general ly accepted tha t  plast ic  deform-  
a t ion  o f  meta ls  can be thermal ly  ac t iva ted  i f  
s t rain rate  is de te rmined  by  the overcoming o f  
shor t - range  obstacles  by dis locat ions  [1, 2]. 
This  behav iour  can be ~atisfactorily accounted  
for  by  an  Arrhen ius  type  o f  equa t ion  

[ "('*)1 ~) = ~'o exp k T  J (1) 

where ~) is the shear s train ra te ;  ~)0 contains  
geometr ical  factors  and  the frequency with 
which a d is locat ion  pressed against  an obstacle  
a t tempts  to overcome i t ;  H is the  ac t iva t ion  
energy;  k and Y have their  usual  significance. 

I t  was first suggested by Seeger [3] tha t  the 
shear stress for  yield or  flow of  a meta l  crystal,  
T, can be considered to consist  o f  two compon-  
ents;  one, an a thermal  componen t  ~r~, depends  
on t empera tu re  only t h rough  the shear  modulus  
F,  and  the other,  the  thermal  c o m p o n e n t  ~*, 

91} 

depends  on t empera tu re  T and strain rate ~,; 

r = r*(T, ~) + re  (2) 

The the rmodynamic  var iables  associa ted with 
thermal  act ivat ion can be de termined by evaluat-  
ing r* at  var ious  tempera tures  and  also by  
de termining  de fo rmat ion  par t ia ls  such as (Or*/ 
~T)~, and  (Or*/Dln~) r [1, 2]. By eva lua t ing  
these variables ,  i t  is then possible  to  speculate  
on the opera t ing  shor t - range harden ing  mech-  
anism. 

The  s tar t ing po in t  o f  any such analysis  is the 
separa t ion  of  ,*  f rom the to ta l  flow stress -r. This 
is usual ly  accompl ished  by measur ing  -r a t  
var ious  tempera tures  up to a sufficiently high 
t empera tu re  T o above  which all  shor t - range  
obstacles  are  t r ansparen t  to dis locat ions  (i.e. 
-r* = 0). The  to ta l  appl ied  stress is then appl ied  
solely to  overcoming the long-range stress-field; 
~-* for o ther  t empera tures  can then be deter-  
mined by knowing  the shear modulus  var ia t ions  
with t empera tu re  

~'*~,  = - ~ ,  ~ ~ ,  - ~ o  ( 3 )  
/~T0 
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From tensile tests on polycrystals, the tensile 
flow stress a*, is similarly determined and -r* 
is taken to be equal to �89 

The above method is reasonably accurate, 
and has been successfully employed in several 
investigations (e.g. in studies on the variation of 
~-* with temperature in bcc metals). The 
question arises as to whether this method can be 
extended indiscriminately for studying therm- 
ally activated deformation in metals and alloys 
containing "metastable" obstacles. The method 
would obviously fail if the "metastable" 
structure changes to a stabler structure below 
T O where % is usually evaluated. A case in 
point is the effect of irradiation or quenching 
on the flow stresses of metals. I f  the defects 
introduced by irradiation or quenching anneal 
out at temperatures lower than To, it will be 
difficult to assess the thermal and athermal 
components of the radiation- or quench- 
hardening by the method described above. 
Hence there is a strong case for evaluating 
~-~ and % at each temperature of  the experiment. 
The purpose of this investigation is to suggest a 
possible method for such an evaluation from 
stress-relaxation experiments. This technique 
has been applied to niobium and the results 
obtained are compared with values determined 
by the conventional method. 

T h e  theory of stress relaxation has been dis- 
cussed in detail in the literature [4-7], and will 
therefore be outlined only briefly. When a 
tensile test is interrupted, stress-relaxation 
occurs since plastic deformation continues to 
take place as long as the applied stress is 
sufficiently high for the dislocations to move. 
Since the total strain is constant, the plastic 
strain e v that occurs during relaxation is 
matched by an elastic strain ee i.e. 

dep dee 1 d ~  

d t  - -  d t  - -  E d t  ( 4 )  

where E is the combined elastic modulus of 
the specimen and the machine. As the plastic 
strain-rate is governed by the thermal compon- 
ent of stress cr*, stress-relaxation occurs at a 
progressively decreasing rate, and will be 
practically unobservable when at+ is approach- 
ed, as shown schematically in fig. 1. 

Up to now, most of the investigations using 
this technique have been concerned primarily 
with the determination of activation volume 
V*; ~-* values were determined separately from 

i.e. the tensile stress corresponding to the shear stress r~. 

STRAIN ~ ~=0  T I M E ~  

Figure I Typical stress/strain and stress/relaxation 
curves. 

flow stress/temperature curves. An exception 
is the study of dislocation dynamics in irradiated 
iron by Ohr et al [7]. However, they have con- 
sidered the strain rate to be dependent on the 
stress relaxed through a power relationship, 
rather than by equation 1. 

The object of  the present work was to deter- 
mine the values of thermal components of flow 
stress or* at various temperatures from yield and 
flow stress measurements (i.e. by the con- 
ventional method) and also from stress-relaxa- 
tion experiments. This would enable us to 
compare both these methods, with a view to 
checking the validity of the stress-relaxation 
technique. Niobium was chosen for this investi- 
gation, since the nature of short-range obstacles 
for deformation in this m e t a l - n a m e l y ,  the 
Peierls-Nabarro (P-N) force [8] - is such that ~-* 
values determined from the conventional method 
are reasonably accurate, and published data 
on ~-~ and ~-* values for this metal are available. 

Annealed sheet specimens of polycrystalline 
niobium (grain size ~ 45 /xm, hardness 70 to 
74 VPN)  were used in the studies. Tensile tests 
were carried out in a floor model Instron 
machine at a strain rate of 6.67 • 10-5/sec at 
various temperatures ranging from 77 to 448 ~ K, 
using appropriate temperature baths. The 
stress/strain curves obtained are shown in fig. 2. 
Another set of  tensile tests were carried out in 
which the cross-head movement was stopped 
at various strain levels during the tensile tests, 
and the stress was allowed to relax. Above 
339 ~ K, because of small cr* values, the relaxation 
rate became too slow to be detected on the 
Instron machine in about  2 to 10 rain. The stress 
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Figure 2 Flow curves of niobium at various temperatures; 
strain rate = 6.67 • 10-S/sec. 
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at which relaxation rate became insignificant 
was designated %, and the stress relaxed, 
or* = o r - - % , ,  at various strain levels was 
determined. At low temperatures, relaxation 
continued even after 30 rain, and the following 
technique was therefore adopted to determine 
ere and ~r*. The specimen was unloaded in small 
decrements (by moving the cross head up) and 
stress-relaxation followed at each stress level, 
till a stress was reached at which no stress- 
relaxation could be observed, as shown schem- 
atically in fig. 3. This stress was then taken to be 
equal to %,. 

The values of or*, the stress relaxed at various 
strain levels, at different temperatures are 
compared in table I with the thermal component 
of the flow stress, (r T --%48, showing good 
agreement between the two sets of values. 

The stress-relaxation technique did not give 
successful results at 7 7 ~  (liquid nitrogen 
temperature). For one thing, when boiling 
liquid baths are used to maintain the low 
temperature, relaxation will be interfered with 
by even a small change in the liquid level due to 
evaporation, since this will result in a change in 
dimensions of the pull rods. Even if this difficulty 
is overcome by maintaining a set-up which 
allows a constant liquid level in the bath, the 

T A B L E  I Comparison of a* values determined by stress-relaxation and the conventional method. (Stresses, other 
than yield points, have been converted to true stresses). 

Temperature (~ K) True strain aT -- a44s Stress relaxed, a* 
(kg/mm 2) (kg/mm 2) 

448 0.055 0.00 0.66 
0.110 0.00 0.83 
0.180 0.00 0.57 

386 Yield point 1.25 
0.032 1.20 1.22 
0.087 1.10 1.82 
0.150 0.80 2.12 

339 Yield point 2.50 
0.045 1.80 1.59 
0.097 1.80 2.25 
0.136 1.85 1.75 

300 Yield point 3.00 
0.055 2.80 3.23 
0.091 2.70 2.88 
0.128 2.80 3.05 

256 Yield point 5.20 
0.063 4.70 4.95 
0.094 4.60 4.47 
0.125 4.50 5.53 

197 Yield point 12.50 
0.101 10.70 11.74 
0.128 10.70 12.97 
0.160 10.80 10.82 
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Figure 3 Schematic figure showing technique used for 
determining ~*, 

relaxation technique wilt give lower apparent 
values of e* at very low temperatures. This is 
because what is determined as ~/, is the stress at 
which plastic strain rate is so slow that the 
resultant stress-relaxation is too slight to be 
detected on the Instron chart. It is estimated 
that this strain rate will be of the order of 
10-11/sec. While at sufficiently high temperatures, 
the thermal component of stress for this strain 
rate will be negligible, the error will increase as 
we go to lower and lower temperatures. In the 
case of niobium, as results indicate, the method 
is found to be successful down to as low a 
temperature as 197 ~ K. 

In spite of  these limitations at very low 
temperatures, the method is helpful in evaluating 
a* and ~ fairly accurately at not too low 
temperatures, and can be applied in investiga- 
tions on metastable structures, where the con- 
ventional method fails, or* at lower temperatures 

could then be evaluated by extrapolation to 
lower temperatures of a~ values determined at 
high temperatures, as in the conventional 
method. This technique has been successfully 
employed for studying the deformation behaviour 
of ~-zirconium containing quenched-in hydro- 
gen. The results of this study are being published 
elsewhere [9]. 
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Book Review 
Tables of X-ray Mass Attenuation 
Coefficients 
(In German, French, and English) 
R. Theisen, D. Vollath 

Pp 40 (Verlag Stahleisen, Diisseldorf, 1967) 
DM 22 

This volume gives the determination, by the 
authors, of the best available data on the values 
of  the mass attenuation coefficients (ix/p) for 

most X-ray lines by most elements. The most 
reliable values in the literature have been used 
and interpolated using the formula 

t~/P = C A s Z 8 

where A is the wavelength of the radiation and 
Z the atomic number of the absorbing element. 
The constants C, a, and B were determined by 
use of a computer programme. 

These data were tabulated with a view to the 
needs of analysts concerned with X-ray fluores- 
cence, microprobe, and radiographic analyses. 
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