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The thermodynamic approach in the determination of the mechanical characteristics of 
materials is not new in itself. It has been used [1-5] but, in our view, has not been deve- 
loped sufficiently because of imperfections of the apparatus employed. The emergence of 
much improved instruments in recent years for contactless temperature measurements (imaging 
infrared sensors, radiometers) has made it possible to turn to this problem. 

This paper shows that when a specimen (component) is subjected to cyclical loading in 
stages, the change in its surface temperature enables us to determine the power of the heat 
released at the nucleation center of a fatigue crack, to calculate the change in entropy at 
that center, and then on the basis of the information so obtained from the experiment to pre- 
dict the fatigue (endurance) limit of the object tested. Standard equipment was used to 
measure the temperature. This study does not go beyond the framework of the phenomenological 
approach. 

i. Experimental Procedure. The experiment was carried out on two types of specimens: 
thin walled tubular specimens (Fig. i) and prismatic cantilever specimens (Fig. 2) of St. 45 
steel; the tubular specimens were subjected to longitudinal vibrations and the prismatic 
specimens, to flexural vibrations according to the first natural mode on a Turbo-4 vibration 
machine. The specimens were subjected to cyclical loads in stages with the amplitude of the 
vibrations growing gradually from stage to stage, starting from stresses certainly below the 
presumed fatigue limit and ending with stress slightly above that limit. The duration of the 
load in each stage was relatively short (no more than 3% of the usually accepted base of 
classical tests at stresses below the presumed fatigue limit or not more than 3% of the ser- 
vice life of the specimen at the particular stress level above the fatigue limit). At each 
loading stage the temperature field of the specimens was time-scanned with a Rubin MT imaging 
IR sensor, whose lower limit of sensitivity is 0.1~ After each loading stage we cooled 
the specimen to the initial state and recorded the oscilloscope traces of its free damped vi- 
brations, starting from the amplitudes at which the loading occurred. The results were obtained 
by the familiar internal-friction method [6]. A mode of free damped vibrations is achieved 
in a special vibration-isolated machine, adapted to measure the level of internal friction. 

2. Computational Formulas. The computational scheme for a tubular specimen is shown 
in Fig. 3. A stress concentrator (an exactly concentric notch 0.i mm deep) was scribed at 
the middle of the specimen so that when the specimen was vibrated heat would be transferred 
symmetrically to both ends, to which large masses (whose temperature T L could be assumed to 
be constant) were attached. The surface of the tube was precision machined and then polish- 
ed to eliminate random stress concentrations. Let us formulate the problem: from the tem- 
perature field T = T(~, x) (T is the time) during vibrations of the specimen with a fixed 
stress amplitude ~(which corresponds to each stage of stress) determine the power qi = qi(~, 
o s) released in the region of the stress concentrator and the specific power q2 = q2 (~, 
o a) released in the rest of the specimen. 

For an element of the specimen we set up the heat equation with allowance for heat 
transfer by convection from the surface of the element (we disregard radiation because it 
is so small): 

Pcv~IY~T : • ~ q~--r(T--  To)" (2.1) 

Here p, cv, K are the density, specific heat, and thermal conductivity of the material of 
the specimen T o is the temperature of the ambient air, and r = e~D/F (~ is the local convec- 
tive heat transfer coefficient and D and F are the outside diameter and cross-sectional area 
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of the specimen). In Eq. (2.1) the temperature is assumed to be constant over the thickness 
of the tube since it is a thin-walled tube. 

Our experiment showed that after some time T O the temperature field of the specimen be- 
comes virtually stabilized in each loading stage; accordingly, we can consider the process 
to be quasistationary, i.e., 8T/8~ z 0 (at �9 > ~0)- In this case Eq. (2.1) becomes 

02T/Ox2--rT/z  = - - r T o / • 2 1 5  

The general solution of the inhomogeneous equation ( 2 . 2 )  is 

(2.2) 

T = C 1 exp ( x V r ~ )  + C 2 exp ( - - x V ~ ) +  T O + qJr. 

After finding the constants of integration C z and C 2 from the boundary conditions 3T/3x = 
--ql/(KF) at x = 0 and T = TL, at x = L we obtain the law of temperature distribution along 
the axis of the specimen: 

T = TLX + (To + qJr)(i - -  X) + q~[X exp (%L) --exp (%x)]/(FV-r-x~) ( 2 . 3 )  

(x  =cosh(~/)/r ( ~ ) ,  ~, = V;?~). 
In the case of the prismatic specimens subjected to flexural vibrations we solved the 

following problem: at each stage of the loading calculate the damaging power N d released in 
the presumed center of accumulation of fatigue defects, which in all 20 specimens tested, as 
recorded by an imaging IR sensor, was located in the region of the grip (this zone is shaded 
in Fig. 2). 

The calculation was carried out from the equation of power balance 

X d = N -- :~% -- ~t- Xc -- ~ (2.4) 

where N is the total power dissipated through internal friction of the material at the crack 
center, N h is the power expended to heat the crack center, and Nt, Nc, and N r are the powers 
of the heat removed from the crack center by thermal conduction, convection, and radiation, 
respectively. 

We determined the total power N from the internal friction parameters u and $ of the 
material, which were calculated from the oscilloscope traces (recorded after each stage of 
loading) of the free damped vibrations of the specimens, using the formula [7] 

N - -  ~VE! (~)v+z 
2 (7 + 3) 

(V is the volume of the presumed crack center, f is the vibration frequency of the specimen, 
oa is the maximum stress amplitude at the crack center, and E is Young's modulus of the 
material). Using well known formulas [8], we calculated Nh, Nt, Nc, and N r. 

3. Results. Ten tubular specimens were tested by the procedure described above. In 
the typical thermal diagram of T = T(x) along the axis of the specimen shown in Fig. 4 we 
clearly see an internal heat source ql in the region of a stress concentrator with tempera- 
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ture T c. Such diagrams were recorded at l-min intervals at all loading stages. The values 
of ql and q2 were determined by processing the experimental graphs of T = T(x) (Fig. 4) by 
the method of least squares [9] with the assumption that temperature is distributed along 
the axis of the specimen in accordance with law (2.3). The values of Tc, Ti, T2, and T L 
from the graphs T = T(x) were taken at four points with coordinates x 0 = 0, x I = L/4, x 2 = 
3L/4, and x L = L. For example, the parameter ql was calculated to within 5% with a confi- 
dence coefficient of 0.95. It turned out that ql is virtually independent of the time �9 (T > 
c 0) when the calculation was made in the given stage and depends only on the amplitude Oa 
of the cyclical stress, i.e., ql = qi(Oa ). The calculation was carried out at p = 7800 kg/ 
m 3, c V = 662 J/(kg • K), K= 38 W/ (m• ~ = 23.2 W/(m 2 • K), D = 18.3 mm, F = 33.4 mm 2, 

L = 47.5 mm. 

The graphs of ql = qi(~ in Fig. 5 were plotted for five specimens (curves 1-5). 
All the graphs have kinks, whose abscissas can be treated as the individual endurance limits 
of the specimens. This follows from the fact that the endurance limits so determined virtual- 

ly coincided with the values calculated by other methods (see Table i). 

For the prismatic specimens we plotted graphs of the time variation of the temperature i 
of the fatigue-crack initiation center at each stage of the loading. Figure 6 shows typical 
graphs for one specimen, from which we see that when the specimens are loaded with stresses 
below the fatigue limit ( oa < ~ the temperature of the crack center becomes stabilized 
some time after loading begins (curve 3) but temperature stabilization does not occur (curves 
1 and 2) when the stresses exceed the fatigue limit (o a > o_i). This result correlates with 
previous studies (see, e.g., [i0]) and also allows the individual fatigue limit of the specimen to be 
determined from the temperature field kinetics; for the tested specimen the fatigue limit lies in the 
rangeo= 220-257MPa(o_ 1=232MPafor this specimen by the internal-friction method). If the 
accuracy with which 0_ I is determined by this method is to be increased the degree of change 
in load must be decreased as the presumed fatigue limit of the specimen is approached. 

The Eq. (2.4) was used to calculate N d (the power expended on the development of fa- 
tigue damage) at different points of the curve T = T(~) at all stages of specimen loading. 
An important result was obtained: calculation of N d on any part of the curves T = T(~) 
showed that N d z 0 when the specimens are loaded with stresses below the fatigue limit (~ 
< o_i) while when the load on the specimens is higher than the fatigue limit ( ~ > o_ I) we 
have that N d > 0 and, interestingly, depends only on o a and not on the point for which the calcu- 
lation was made, i.e., N d z const. 

The fact that N d is constant in the respective stages of loading of the specimens above 
the fatigue limit (at % > 0_ I ) gives reason to assume that N d is an individual characteris- 
tic of the specimen, thus opening up prospects for predicting the service life of the machine 
component. As shown in [2], the damaging energy E d does not depend on the level of stresses 
in the material and in essence is a characteristic of the material; therefore, know- 
ing E d for a given material and determining N d at the level of stresses corresponding to the 
actual operating conditions of the machine component, we can obtain a formula for its ser- 

vice life: T = Ed/N d. 

4. Entropy Approach to the Determination of the Fatigue Limit. The literature has re- 
ported attempts to use the "entropy" approach to the description of the fracture process and, 
in particular, the process of fatigue damage buildup [3, 5, ii]. Indeed, taking the expres- 
sion for the increment in specific entropy of an isolated particle of the body under consi- 
deration [12] 

825 



As J / ( k g ' K )  

5 

4 

2 

r 

O 

As, J/(kg'K) 

/50 r 250 /90 230 ~a, MPa 

Fig. 7 

TABLE 1 

o 
r 
o~ 

Experiment 

with flexural vibrations 

0_I, MPa 
(by the 
internal- 
friction 
method) 

i95 
t80 
200 
210 
220 

with lon$itud_inal vibrations 

~162 1 ,  MPa ~ " " -  1 ,  MPa ~. 
�9 [from the [fromthe ~ 
graph As = graph ql =" 
AS(Oa) ] ql (Oa) ] , j  

200 
i84 
202 
2i8 
228 

t87 2,56 
182 ~,22 
t98 
t98 3,81 
237 3,64 

d 
T 

- -  - - - - ~  - -  

4,~ 

~ ,t1 

5,7 
7,73 

O-i, MPa 0"i, MPa 
(by the [ from the -- 

�9 internal- graph A s = 
friction A s (Oa) ] 
method ) 

244 248 
232 243 
2t0 2t8 
268 265 
207 2t2 

1,62 
4,73 
3,8 
i ,t2 
2,42 

ds : ( c v / T ) d T ,  

we i n t e g r a t e  i t  as  t h e  p a r t i c l e  p a s s e s  f rom s t a t e  1 t o  s t a t e  2: 

(4.1) 

As = sl - -  s~ = c v In (TJTJ. ( 4 . 2 )  

E q u a t i o n  ( 4 . 2 )  p r o v i d e s  a p r a c t i c a l  way o f  d e t e r m i n i n g  t h e  change  i n  t h e  s p e c i f i c  en -  
t r o p y  o f  an o b s e r v e d  p o i n t  o f  an o p e r a t i n g  component  f rom t h e  i n c r e m e n t  i n  t h e  t e m p e r a t u r e  
o f  t h a t  p o i n t  and d e t e r m i n i n g  t h e  f a t i g u e  l i m i t  o f  t h e  component  f rom t h e  change  i n  e n t r o p y .  
Fo r  t h i s  p u r p o s e  we must  a p p l y  a c y c l i c a l  l o a d  t o  t h e  s p e c i m e n  ( c o m p o n e n t )  i n  s t a g e s ,  w i t h  
t h e  s t r e s s  a m p l i t u d e  Oa i n c r e a s i n g  f rom s t a g e  t o  s t a g e ,  and oa~uevery s t a g e  o f  t h e  l o a d i n g  we 
must  a l s o  t a k e  two r e a d i n g s  T1 and T2 ( a f t e r  a c e r t a i n  i n t e r v a l  At)  o f  t h e  t e m p e r a t u r e  o f  
some p o i n t  o f  t h e  componen t ,  l o c a t e d  as  c l o s e  a s  p o s s i b l e  t o  a c r a c k  c e n t e r ,  u s e  Eq. ( 4 . 2 )  
a t  e a c h  s t a g e  t o  c a l c u l a t e  t h e  e n t r o p y  change  As, and t h e n  p l o t  t h e  g r a p h  As = As( % ) ;  as  
shown by e x p e r i m e n t ,  t h i s  g r a p h  has  a d i s t i n c t  k i n k ,  whose a b s c i s s a  i s  t h e  i n d i v i d u a l  f a -  
t i g u e  l i m i t  o f  t h e  component  t e s t e d .  

T h i s  method  was u s e d  t o  p r o c e s s  t h e  e x p e r i m e n t s  d e s c r i b e d  a b o v e  w i t h  l o n g i t u d i n a l  ( a )  
and f l e x u r a l  ( b )  v i b r a t i o n s  o f  t h e  s p e c i m e n s  ( F i g .  7 ) .  We s e e  t h a t  i n  a l l  t h e  s p e c i m e n s  
t h e  change  As i s  i n s i g n i f i c a n t  up t o  t h e  f a t i g u e  l i m i t  and a f t e r  t h a t  i n c r e a s e s  a b r u p t -  
l y ;  t h e  k i n k  i n  As = As( % ) i s  more c h a r a c t e r i s t i c  t h a n  i n  t h e  c o r r e s p o n d i n g  g r a p h s  o f  t h e  
a b s o r p t i o n  c o e f f i c i e n t  ~ = ~( % ) ,  f rom which  o_ 1 i s  d e t e r m i n e d  by t h e  i n t e r n a l - f r i c t i o n  
method [ 6 ] ,  and i n  t h e  g r a p h s  q l  = q l (  % ) ( s e e  F i g .  5 ) .  T h i s  p e r m i t s  t h e  c o n c l u s i o n  t h a t  
As i s  an even  more s e n s i t i v e  p a r a m e t e r  o f  t h e  s t r u c t u r a l  c h a n g e s  o c c u r r i n g  i n  t h e  component  
t h a n  i s  such  a s t r u c t u r e - s e n s i t i v e  p a r a m e t e r  a s  ~. The method o f  d e t e r m i n i n g  t h e  f a t i g u e  
l i m i t  f rom t h e  e n t r o p y  c h a n g e ,  t h e r e f o r e ,  i s  v e r y  p r o m i s i n g  b e s i d e s  b e i n g  n o n d e s t r u c t i v e .  
I n  o r d e r  t o  imp lemen t  t h i s  method in  p r a c t i c e  i t  i s  s u f f i c i e n t  t o  m o n i t o r  t h e  t e m p e r a t u r e  o f  
t h e  p r e s u m e d  c r a c k  c e n t e r  a t  d i f f e r e n t  l o a d i n g  s t a g e s ,  u s i n g  s t a n d a r d  e q u i p m e n t ,  an i m a g i n g  
IR s e n s o r  o r  r a d i o m e t e r ,  wh ich  i s  s u f f i c i e n t l y  s e n s i t i v e  t o  o b t a i n  c o r r e c t  r e s u l t s .  

The change  As can  be w r i t t e n  as  As = 5s s + As d,  where  As s i s  t h e  s a f e  p a r t  o f  As d i s s i -  
p a t e d  i n t o  t h e  s u r r o u n d i n g  medium and As d i s  t h a t  p a r t  o f  As e x p e n d e d  on t h e  d e v e l o p m e n t  and 
b u i l d u p  o f  f a t i g u e  damage.  C l e a r l y ,  when s p e c i m e n s  a r e  l o a d e d  t o  t h e  f a t i g u e  l i m i t  As = 
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As s (As d = 0) and beyond it, i.e., As d > 0, where As d > ASs, and this inequality is stronger 
when the loading takes place at a higher stress level. 

Table 1 compares the fatigue limit determined in different ways for five specimens 
under longitudinal and flexural vibrations. Comparison of the results obtained by the ther- 
mal methods described above with the results with the internal-friction method, which can be 
considered fairly well developed [6], shows the discrepancies are small (maximum of 7.73%) 
and that calculation from the entropy change gives slightly smaller deviations. 
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