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The following prohlems had to be solved : 
a) Describing the time-to-rupture curves and the curves stress-creep rate mathe­

matically by means of a uniform mathematical function. 
b) Deviding the rupture process in the time-to-rupture test into : mechanisms of 

deformation, separation, constriction and structural effects. 
c) Calculating the physical values on the basis of physical elementary mechanisms. 

Results : 
1. A uniform mathematical determination of results has been possible by applying 

the exponential function of real order to time-to-rupture tests. 
2. Applying some valid simplifications, the following values can be calculated on 

the basis of results of time-to-rupture tests with indication of rupture elongation : 
2 .1 . Number of fissure germs as a function of secondary creep rate. 
2.2. Secondary creep rate as a function of stress. 
2.3. Volume of activation as a function of stress. 

3. Dependence of temperature of these values gives indications on stress changes 
during time-to-rupture test. 

4. Time-to-rupture tests have been made with and without irradiation. 
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SUMMARY 

Improvement of the determination of long-time mechanical properties of metals 
stressed at high temperature under irradiation is studied by means of solid state physics. 
The following problems had to be solved : 

a) Describing the time-to-rupture curves and the curves stress-creep rate mathe­
matically by means of a uniform mathematical function. 

b) Deviding the rupture process in the time-to-rupture test into : mechanisms of 
deformation, separation, constriction and structural effects. 

c) Calculating the physical values on the basis of physical elementary mechanisms. 
Results : 

1. A uniform mathematical determination of results has been possible by applying 
the exponential function of real order to time-to-rupture tests. 

2. Applying some valid simplifications, the following values can be calculated on 
the basis of results of time-to-rupture tests with indication of rupture elongation : 
2.1. Number of fissure germs as a function of secondary creep rate. 
2.2. Secondary creep rate as a function of stress. 
2.3. Volume of activation as a function of stress. 

3. Dependence of temperature of these values gives indications on stress changes 
during time-to-rupture test. 

4. Time-to-rupture tests have been made with and without irradiation. 
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SUMMARY 

The possibi l i t ies of improving the determinat ion of long-t ime 

mechanical p roper t i e s of meta ls being subjected to mechanical s t r e s s at 

elevated t empera tu re , and under the effect of neutron i r radia t ion , a r e 

investigated in more detai l . An essent ia l improvement is possible if one 

succeeds in applying the r e su l t s of investigations made in Solid-State Physics 

in a quantitative way to determining the t i m e - t o - r u p t u r e strength of me ta l s . 

This p resupposes , however, the solution of the following sub-

prob lems : 

a) Describing the t ime- to - rup tu re curves and the curves s t r e s s - c r e e p 

r a t e mathematical ly by means of a uniform mathemat ical function. 

b) Dividing the rupture p r o c e s s in the t ime - to - rup tu r e tes t into the 

following c l a s se s of par t ia l mechanisms : 

(b.) Mechanisms of deformation 

(b9) Mechanisms of separat ion 

(b„) Format ion of a constr ict ion o 
(b.) Structural changes of the ma te r i a l . 

c) Calculating the physical values which can be determined, too, on the 

bas i s of the known physical e lementary mechan i sms . 

The given assignment has been fulfilled on the following bas is : 

1. A uniform mathematical determinat ion of r e su l t s has been possible 

by applying the exponential function of r e a l o rde r , discovered only a 

few yea r s ago, to t ime- to - rup tu re t e s t s . 

2. On application of cer ta in simplifications whose field of validity, however, 

has been carefully tes ted, the following values can be calculated on the 

basis of r e su l t s of t ime- to - rup tu re t e s t s with indication of rup ture 

elongation : 



2 . 1 . Number of fissure germs as a function of secondary creep 

rate . 

2. 2. Secondary creep rate as a function of s t ress . 

2. 3. Volume of activation as a function of s t r e s s . 

3. It is possible to obtain indications on structural changes during the 
time-to-rupture test by investigating the dependence of temperature of 
these values. 

4. Different series of time-to-rupture tests with and without neutron 
irradiation have been investigated. 



RESEARCH TO DETERMINE THE LONG-TERM MECHANICAL 

PROPERTIES OF METALS SUBJECTED TO MECHANICAL STRESS 

AT ELEVATED TEMPERATURES AND NEUTRON IRRADIATION (*) 

1. STATEMENT OF THE PROBLEM 

To develop extrapolation methods for determining the influence of 

neutron i r rad ia t ion on high t e m p e r a t u r e - c r e e p p rope r t i e s of meta ls for the 

construction of nuclear r e a c t o r s . 

2. FUNDAMENTAL CONSIDERATIONS 

2. 1. Extrapolat ion procedures used for t ime - to - rup tu re t e s t s 

2 . 1 . 1 . The following simplifications have been introduced for these extra­

polation procedures : 

(*) Manuscript received on February 1, 1968. 



a) Time to rupture is inversely proportional to the secondary creep 

rate . 

b) It is assumed that the creep process is a so-called "ra te-process" 
for which the following equation is valid : 

έ = A £ - A H / R T (1) 

A = function of σ 

ΔΗ = heat of activation = function of σ and Τ 

c) Furthermore, it is assumed that the isothermal t ime-to-rupture 
curves being plotted at different temperatures can be converted 
into one another by a mere translation and rotation of one single 
curve. 

2 . 1 . 2. Despite the fact that these procedures without neutron irradiation 
partially yield quite good results , they still show a number of short­
comings. In general, it can be said that their accuracy for practical require­
ments is insufficient. The causesof these shortcomings a re the following : 

a) The scattering of results of t ime-to-rupture tests generally is 
very great, and the number of test results available is relatively 
small in consequence of high apparatus expenditure. It has not 
yet been possible to solve the problem of scattering of test 
results in a satisfactory way. 

b) The simplifications introduced are excessive in many cases . The 
assumption of a constant elongation of rupture is no longer admissi­
ble, especially insofar as embrittlement processes take place. 
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c) Physical investigations in this field show that very many elemen­

tary mechanisms can be active. Their interaction is so multiform 

that a purely phenomenological kind of consideration, without 

going into the details of the physical processes, cannot be success 

ful. 

Therefore, a method of solving the entire problem of extrapolating 

time­to­rupture tests with and without neutron irradiation, on the basis 

of a much better consideration of results of physical investigations, has been 

sought. 

2. 2. Principle for solving the problem 

To improve on the situation, the solution of the following problems 

is necessary : 

a) Introducing mathematical functions for the description of the t ime­to­

rupture curves and the s t ress dependence of the creep ra te . The existence 

of such functions is a presupposition for dealing with the problem of 

scattering in an objective way. 

b) Establishing a quantitative relationship between the results of t ime­to­

rupture tests and the physical investigations. 

2. 2 . 1 , ^^r^uct ic^ j^^ j iew^unct ion^o^th£_ma^hejn^^al_r^re^n^Uon_ 

of the creep process and time­to­rupture curves 



2. 2 . 1 . 1. Extrapolation by an Exponential Function of Real_ Order 

By an analysis of the experimental results and by theoretical consi­
deration, it has been found (see [ 1 , p. 26 and pp. 55-86]) that a general 
representation of έ as function of a is given by the exponential function 
of real order - 6 (σ) containing three parameters of the temperature : 

r 
the order r , and the two multipliers C and a of a and ε » i . e . , 

er ( C o ) 
. ~ τ 
έ = i — (2) 

a T 

The representation (2) makes it possible 

I) to determine for every temperature a middle curve giving έ 
as function of a ', 

H) to evaluate better a very long time-to-rupture t = l / έ ; 
Β 

III) to estimate the order r of the exponential function for a 
low temperature by the values and the variation of the values 
of r for some higher temperatures, and 

IV) to study the physical processes which take place during creep 
of industrial steels by the change of r-, wi 
and at constant temperature with the s t ress 
of industrial steels by the change of r T with the temperature 

The definition and the numerical evaluation of 2 ( a ) is made by an 
r 

auxiliary function A( σ), which is defined by the following functional 
equation : 
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Α(β -1) = Α ( σ ) + 1 ; Α(1) = Ο, 

and Α' ( σ) is totally monotonie for every σ > 0 

G. Szekeres [ 2 ] has proved that (3) defines a unique function 

A(o) , and has established a table of Α ( σ ) ( [ 2, pp. 326-329]) which 

has been completed by us ( [ 1, pp . 1 0 6 - 1 1 4 ] ) . 

Defining the exponential function of the ent i re o rder 6(a) by 

£ η ( σ ) = ee' · · _ 1 - 1 , n = 1 , 2 , . . . 

we obtain by (3 ) , 

A [ e ( σ) ] - A( σ ) = η, η = 1,2, 
η 

i . e . , 

e (o) = Α _ 1 [ Α ( σ ) + η ] ; (4) 
η 

where Α ( σ ) i s the rec ip roca l function of A ( a ) 

Α"1 [ Α ( σ ) ] = σ 
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The proper ty (4) p e r m i t s the exponential function of r e a l 

o rde r r to be defined by 

6 (a) = A - 1 [ Α ( σ ) + r ] . r L J 

(The curve of 6(a) with logar i thmic sca le is given in F ig . 1. ) r 
It has been proved ( [ l , p . 16] ) that a function a f ( o ) can 

be descr ibed by an exponential function of r e a l o r d e r , i . e . , 

β (Co) 
f ( o ) = — Σ -

where a, C and r a r e constants , if and only if 

Δ ( σ ) ^ £ A [ f U ) ] - A(o- ) 

is a monotonic bounded sequence. This las t condition i s satisfied by 

every alloy that has been examined by us (see the l i s t of al loys in 

[ 3, table 1 ] ). 

A method has been developed for the determinat ion of the p a r a ­

me te r s a , C and r (see [ l , p . 20 ] ), which enables the 

corresponding equation (2) to be found by some numer ica l values of 

( σ ; έ ) of short t ime of rupture (an example is given in TABLE I 

below and Fig . 2) . The equation (2) p e r m i t s t-, = l / έ t o b e 
Β 

evaluated for a long t ime of rup tu re . F o r an i l lus t ra t ion, the evaluation 

of a very long t ime of rupture for X21 Cr -Mo- V121 s teel (0.19 C ; 

13. 28 C r ; 1.19 Mo; 0. 30 W; C. 34 V) at 550°C is indicated. 



TABLE 1 

AN EXAMPLE OF THE CORRESPONDING EQUATIONS (2) 

FOR A CARBON­STEEL 

(0.09 C normalized at 920°C) 

Temperature 

°C 

525 

500 

475 

450 

435 

425 

Equation 

. ~ β 0 . 8 9 7 ( 1 ' 2 7 9 2 1 4 σ ) 

2 .340094 

£ n Qfii (0 .971555 σ ) 
. ~ 0 . 9 6 1 

5 .255438 

6 n Q _ „ ( 0 . 8 8 5 6 1 0 ο ) 
. ~ 0 . 9 5 3 

11 .133235 

. ­ β 1 . 0 7 9 ( 0 . 5 7 5 6 4 6 α ) 

19 .79454 

* ~ ß 1 . 0 9 6 ( 0 ­ 5 4 1 7 8 5 < J ) 

6 4 . 4 2 4 4 4 

e , . . c ( 0 . 4 4 2 8 0 5 ο ) 
■ ~ 1.145 

4 0 . 3 1 6 1 
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F i r s t it can be seen that the formula (2) gives a good approximation 

for a higher t empera ture (600 C) which shows that the d i spers ion i s not too 

l a rge ; and then, by a few numerica l r e su l t s of short t ime of rup tu re (till 

4500 h), the values of the p a r a m e t e r s at 550 C a r e de te rmined . It i s 

found that 

ι. e. 

C T = 0 , 1 6 5 ; a T = 5 and Γ χ = 1 , 3 0 5 ; 

~ e 1 3 0 5 ( ° ' 1 6 5 σ ) A _ 1 | Α ( ° ' 1 6 5 σ > + 1.305 j 
έ ~ ' = ; 

(5 

By the equation (5), the value of t = ΐ / έ is found, us ing A( σ )<S 
2 table . Fo r example, for a = 17,5 k g / m m 

ε J A ' 1 Atomes. 17,5) + 1,305 j = ^ ^ 1 Q - 6 / h ^ 

which gives 

t_ « 4 - = 82.215 h. Β ε 

(The interrupted experimental resul t is 80 000 h. - see some de ta i l s in 

[ 1, p. 43] ). The e r r o r in ε depends on the prec is ion of the value of 

r . For example, a precis ion of 0,01 in r gives the value of έ with 

an accuracy of 5 % for έ i 50 (see [ 1, p . 45 ] ). 



2. 2. 1. 2. If a function is.available to determine the slope of the time-to-
rupture curves mathematically in the whole field of s t ress , then a new 
basis presents itself for the problem of scattering. A rational method has 
been developed which permits the parameters of the mean value curve to 
be determined in an objective way by means of a given amount of points 
measured. 

2. 2. 2. Establishment of a quantitative relationship between time-to-rupture 
tests_andj3h^si£al investigations. 

2. 2. 2 . 1 . General situation 

The major difficulty which has to be overcome when trying to solve 
this sub-problem lies in the fact that a large number of elementary mecha­
nisms can be active. These elementary mechanisms are not yet completely 
investigated, and the laws governing their interaction are still fairly vague. 
For this reason it seems to be too early to determine the quantitative 
relationship between the results of time-to-rupture tests and the physical 
investigations at this stage. A more accurate analysis showed, however, 
that the various elementary mechanisms concerned can be divided into 
different classes according to their kinematic behaviour, and that a division 
of the rupture process into the different classes of mechanism is possible 
without knowing all details of the elementary mechanisms. 

2. 2. 2. 2. According to the kinematic behaviour, the mechanisms can be 
classified as follows : 
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2. 2. 2. 2. 1. Mechanisms of deformation^ 

F i r s t and foremost , these a r e the different mechan isms of movement 

of dislocations which, as a ru le , bring about only a deviation of the 

mate r ia l . 

2 . 2 . 2 . 2 . 2 . Mechanisms of separat ion 

These a r e mechanisms by means of which a separa t ion of the 

mater ia l takes p lace . In pr inciple , these mechanisms again can be combined 

in two groups, i . e . : 

a) Format ion of f i ssure ge rms and growth of the s ame (Cot t re l l ' s 

mechanism) . 

b) Instability of f i s sures according to the model or iginal ly descr ibed 

by Griffith. 

2. 2. 2. 2. 3. Geometr ical instabili ty 

In this case , the formation of a constr ic t ion is concerned, whereby, 

at any point of the test bar , a local deformation takes p lace . By means of 

this local deformation the effective s t r e s s i n c r e a s e s , causing an additional 

local deformation and, finally, rupture by formation of a cons t r ic t ion at this 

point. For this p rocess of formation of rupture , vwo different mechanisms 

have in principle to be distinguished, viz : 

a) Plas t ic body. 

In thi s mate r ia l , there exists a re lat ionship between s t r e s s and 

deformation. The formation of a constr ic t ion in such a mate r ia l 

is possible only once the external s t r e s s has exceeded a cer ta in 

limiting value, i . e . the maximum s t r e s s . 
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b) Quasi-viscous material . 
For such a material, a mathematical relationship exists between 
s t ress and rate of deformation. The formation of a constriction 
takes place at any small external s t ress , and only the rate of 
formation-of a constriction is altered by the amount of external 
s t ress . 

2. 2. 2. 3. Determining the relationship between the elementary mechanisms 
and the results of time-to-rupture tests 

The first investigations for determining the relationship between 
the results of time-to-rupture tests and the elementary creep mechanisms 
have been made by Sherby and Dorn, specifically on pure aluminium. It has 
been found in the course of these investigations that for pure aluminium, a 
formula according to equation (1) is valid for the secondary creep rate . In 
this case, A is only a function of s t ress , whereas Δ H can be regarded 
as constant in certain temperature ranges. 

Our work began with a continuation of formulas laid down by 
Sherby and Dorn, in that an endeavour was made for various technical steels and 
alloys to determine the value A in equation (1) as a function of s t ress , 
and the heat of activation ΔΗ as a function of temperature. Such a determi­
nation proved possible, but is not sufficiently accurate for practical applica­
tion to an extrapolation after long times. Also, it has not been possible to 
explain the dependence of the value A on s t ress and that of Δ Ή on 
temperature by means of the known mechanisms of dislocation, as has been 
the case for pure aluminium. It has been found that a decrease of the apparent 
energy of activation at elevated temperatures occurs in alloys with precipita­
tion effects. This decrease is quite difficult to explain by means of the 
models established by the theory of dislocation. However, as our investiga­
tions have shown, it can be explained by an overageing of precipitations 
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taking place, in genera l , at high t e m p e r a t u r e s and long tes t t i m e s . 

Considering the fact that the laws which de te rmine the precipi ta t ions , 

and thei r interact ion with the c reep p r o c e s s e s , a r e ex t r emely complex, it 

i s out of question that an appropr ia te extrapolation method under the p resence 

of neutron i r radia t ion can be derived on the bas i s of pure ly phenomenological 

general izat ions . It therefore proved n e c e s s a r y to further develop the theor ies 

established by Sherby and Dorn, in that the rup ture p r o c e s s in the t i m e - t o -

rupture tes t has been subdivided into the following c l a s se s of p r o c e s s : 

a) P r o c e s s e s of deformation 

b) P r o c e s s e s of separat ion 

c) Format ion of geometr ical instabi l i ty 

d) P r o c e s s e s of mater ia l changes during the c reep tes t (annealing -

and prec ip i ta t ions -processes ) 

3. PROCEDURE OF INVESTIGATION 

3 . 1 . General r e m a r k s 

3 . 1 . 1 . Subdivi si on £f_the different mechanisms into c l a s s e s 

The single mechanisms can be subdivided into the following 
c lasses : 
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3 . 1 . 1 . 1 . Mechanisms of deformation 

a) Monocrystal 

b) Polycrys ta l ( interaction of crys ta l l i te and grain boundary). 

3 . 1. 1.2. Mechanisms of formation of rupture 

a) Growth of f i s su res in the grain boundaries 

b) Instability of f i s sures 

c) Geometr ical instabil i ty. 

3. 1. 1.3. Changes in mater ia l during a long period of t ime 

3 . 1 . 2 . Interaction_of the_vaj: io^_mechanisms 

These var ious c l a s ses of mechanism influence one another mutually. 

F ig . 3 gives a schematic representa t ion of re la t ionships . The interaction 

can be summarized as follows : f i r s t , a deformation of mate r ia l takes place, 

namely by deformation of c rys ta l s on the one hand and by p roces se s of 

deformation in the grain boundaries on the other . This deformation causes 

two new phenomena to come into play, i . e . : 

3 . 1 . 2 . 1 . Geometr ical elongation of the specimen and formation of a c o n ­

s t r ic t ion . The form of the constr ict ion is determined by the relat ionship 

between s t r e s s and creep r a t e . A r i s e of the effective s t r e s s occurs in 

consequence of the formation of a constr ict ion. 
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3 .1 . 2. 2. Development of fissure germs according to various processes and 
growth of these via stress-directed diffusion processes. 

3. 1. 2 .3 . Rupture of specimen when s t ress increase as a result of formation 
of a constriction is high enough to induce the instability of f issures. 

3 .1 .3 . Si£nj^^^a_Woj^^n^£duc£d_ 

The scheme in Fig. 4 graphically shows the simplifications which 
have been taken as a basis for our calculations. These can be summarized 
as follows : 

3 . 1 . 3 . 1 . Time to rupture is so long that the 1st and the 3rd stages of the 
creep process can be neglected as against the 2nd one. 

3 .1 .3 .2 . It is assumed that the occurrence of instability of fissures practi­
cally coincides with the point of time at which the single fissures meet 
(Cottrell's criterion). 

3. 1. 3. 3. It is supposed that the germination and the growth of fissures can 
be regarded as two independent processes. 

3. 1.3.4. It is assumed, further, that the structural changes take place so 
slowly that mean values may be introduced for the values to be calculated. 
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3 .2 . P rocedure of calculations 

3 .2 . 1. P^ t^^PÏ ï in jLÎ Î^ jha jp^J^ 

the re la t ionshipbe tween_s t ress and_creep_rate_ 

The following working assumptions have to be defined mathemat i ­

cally : 

a) P r e s e n c e of a c reep law 

ε = φ ( s ) 

έ = c reep ra t e (6) 

a = s t r e s s 

b) Constancy of volume 

F. e = F e o o 
F = c ross - sec t iona l a r e a (7) 

β = length 

Introducing the physical elongation, we obtain 

F 

ë ' " F 
ε = ß n - 4 - = ß n - ^ (8) 

c) Constancy of load 

σ F = σ . F . (9) 
o o 
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Combination of equations (6) ­ (9) yields 

­4 Í · ­ ε « φ ( σ . exp. ε ) (10) 
dt o 

and by integration, the t ime­ to ­ rup tu re 

ε Β 
de 

J φ ( σ ο β χ ρ ε ) 

ε 

equation (13). 

σ exp. ε 
o ƒ d ζ 

Ζ . φ ( ζ ) σ exp. ε 0 * 

(11) 

ε can be calculated from the reduction of a r e a of broken spec imens 

according to equation (12). 

ε Β = - e n ( 1 ­ T õ T ) (12) 

^ D = reduction of a r ea in % 

Introducing the substitution a . exp ε = ζ , we obtain 
o 

(13) 
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3. 2. 2. P £ ^ £ m i m n g _ t h £ ^ r e £ r f J . a w j ^ 
rupture curve 

Once the shape of the t ime- to - rup tu re curve is available, the 

relat ionship between s t r e s s and creep ra te can be derived in a simple way. 

Fo r that purpose , we need the nominal s t r e s s (Fig. 5), the slope of the 

tangent line to the t ime- to - rup tu re curve , and the elongation of rupture as 

a function of t i m e - t o - r u p t u r e . By differentiation of equation (13), we obtain 

equation (14) °. 

_ 1 _ 1 ( 1 1 
m tD Ι Γ φ ( σ ) 1 σ [φ ( σ ) 1 

Β ν L Ύ J ο exp ε L r J σ exp ε 

(14) 

m 
d log o 

d log t B 

Equation (14) is valid for any integrable function of φ ( σ ) . For our calcula­

t ions , we r e s t r i c t ourselves to the following types of function, i . e . 

a) Hyperbolic creep law 

ν = ν sinh (—£— ) = φ (σ ) (15) 
ο σ τ 

,b) Exponential function 

η ν = Α σ = φ ( σ) (16) 
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c) Hyperbolic creep law with p a r a m e t e r s depending on s t r e s s 

ν = ν ( a ) sinh - <? . = Φ ( o ) o o ( a ) (17) 

It could be shown that equation (17) is admiss ib le under cer ta in 

res t r i c t ive conditions. These conditions, however, a r e satisfied most ly 

for t ime- to - rup tu re curves plotted in p rac t i ce . 

3 . 2 . 3 . D£^£™,^£g_^£j^9^52^^£^f.£i£|3i££S_ 

The number of f issure ge rms is calculated on the bas i s of 
4) calculations introduced by Cottrell , consisting mainly in the fact that 

the p r o c e s s of germination and the growth of f i s su res a r e supposed to be 

two physically different and independent p r o c e s s e s . In the calculat ion, th is 

fact is expressed by introduction of a fictive ge rm number a s calculating 

value at a t ime t = 0 . Cot trel l ' s equation can now be improved by in t ro ­

ducing into the calculation the increase in s t r e s s owing to the formation of 

a constrict ion and that as a resul t of a dec rease in the supporting c r o s s -

section because of the growth of f i s su res . 

Cot t re l l ' s equation for the growth of f i s su res by s t r e s s=d i rec ted 

diffusion of atoms and holes reads as follows : 

dr _ 3 Q 6 D o 
dt a r k T ( 1 8 ) 
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r = rad ius of f i ssure 

Q = volume of an atom (or hole) 

δ = thickness of grain boundary 

D = diffusion constant 

a = mean distance of f i s sure g e r m s 

σ = s t r e s s 

Into this equation we have to introduce the inc rease in s t r e s s by 

'ormation of a constr ic t ion and that by dec rease of supporting c ro s s ­ s ec t i on 

is a resu l t of the growth of f i s su res (see equations (19) and (20) : 

σ
ι 

o = 

1 

o exp 
o 

°1 
4 

-τ
 π 

( ε ) 

3 
r 
3 

(19) 

(20) 

Combining equations (18) ­ (20), we obtain equation (21) 

dr _ 3 ß D σ δ a expU) . 
Α o O \ ¿I) 

dt a k T 3 4 ^ 3 o 
a ­ τ π r 

F r o m equation (10), t he re follows that 

d t
 " φ ( / β χ ρ ε ) <

22
> 

o 
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By substituting (22) in (21) , it is possible to integrate this equation. 

The resul t is represented in equations (23) to (26). It is impossible to 

determine all values appearing in equation (23). Calculation gives only a 

combination of different values , i . e . the value indicated in equation (23). 

ρ - - f e - < 2 3 ) 

Introducing the value 

W 
a 

0 
Γ J 
a 
0 

exp ε β 

du 
φ (u) 

(24) 
J miu) 

we obtain equation (25) 

ρ = 25.8 . χ . σ (25) 

The value χ is of the dimension of t ime and, as prac t ica l calcula­

tions show, differs only li t t le from the t i m e - t o - r u p t u r e . It is therefore 
γ 

possible to introduce a value α = -τ—— which is only slightly different 
lB 

from 1. Finally, we obtain 

α . 25.8 t „ σ (26) 
Β o 

The most important resu l t obtained was that the constr ic t ion of rup ture 

had but little influence on the calculated number of f issure g e r m s . 
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3 . 2 . 4 . Ç^£^aUoj i_o f j ^ l ^£ j i ã to j jh^s Í£a l significance 

F o r charac ter iz ing the creep p roces s , the following values a r e of 

impor tance : 

a) Number of f issure ge rms at a t ime t = 0 

3 , ™ 
Ρ a k Τ _„ n 

a - C D S α = 2 5 ­ 8 t B ' °o <2 7 ) 

b) Volume of activation 

φ d ß n v 

ν = k T d g
S e C (28) 

c) Secondary c reep ra te 

ν = φ ( σ ) (29) 
sec 

4. DETAILED CALCULATION OF SPECIAL EXAMPLES 

4. 1. Approximations for the t ime­ to ­ rup tu re curve 

F o r the examples to be discussed, the t ime­ to ­ rup tu re curve is 

assembled piece by piece by means of l inear functions. The mathematical 
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definition of a s t ra ight- l ine re la t ionship in double logar i thmic sca le i s 

given by equation (30) 

log o o = log σ ο ο - - 1 [ log t B - log t ^ ] (30) 

σ and t_ a re any corre la ted pa i r of va lues . 
oo Bo J v 

According to equations (31) - (33), the value p , the volume of 
I 

activation, and the secondary c reep ra t e can be calculated f rom equation (30). 

(31) p - ( α V 

* 
V 
k T 

' σ oo 

Bo 

η 

σ o 

) n 
1 

σ η - 1 
0 

(32) 

const / ° o \ , 
Vsec = ζ— { — ) < 3 3 > 

Εο οο 
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4. 2. Discussion of examples 

4. 2. 1. Analysis of t ime- to - rup ture tes ts on Cr-Ni-al loys before and 
5) 

after neutron i r radia t ion. These a re alloys of Russian origin , as is 

indicated in Table 2. 

T A B L E 2 

ALLOY 

XH77T W P 

ΙΧΙ8Ή9Τ 

C 
% 

< 0.06 

■ 0.12 

Si 

< 0.6 

0.80 

Hn 

< 0.40 

1.00-

2.00 

Cr 

19-22 

17-19 

Ni 

Base 

9-11 

Ti 

2.30-

2.70 

0.50 

0.70 

Al 

0.55-

0.95 

-

Fe 

<0 .< t 

Base 

Β 

<0 o 01 

" 

Zr 

< 0.01 

M 
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4. 2 . 1 . 1 . Results of_alloy_l 

The resul t of t ime- to - rup tu re t e s t s at 800 C before and after 

i r radiat ion a r e plotted in double logari thmic scale in F ig . 6. A s t rong 

decrease in s t r e s s caused by i r radiat ion has been determined for s a m e 

t imes to rup ture . 

Fig . 7 shows the values for the formation of f i s sure g e r m s before 

and after i r radia t ion. It is ascer ta ined that , owing to i r rad ia t ion , the 

density of f issure ge rms has increased approx. fivefold. Since no values 

of rupture elongation have been indicated for these a l loys , >the volume of 

activation and the secondary creep ra te could not be calculated. 

4. 2. 1. 2. Results of alloy 2 

Fig . 8 shows the t ime- to - rup ture tes t s at 600 and 700 C before 

and after neutron i r radia t ion. The corresponding values for f i s su re g e r m s 

a re represented in F ig . 9. As can be seen, the change of f i s sure g e r m s in 

this alloy as a resul t of i r radiat ion is much smal le r than was the case for 

the preceding alloy. This can be t raced back to the fact that the f i r s t alloy 

showed a boron content of approx. 0.01 %, whereas the second showed none. 

It has been observed metallographically by the authors that actual ly in the 

f irs t alloy, formation of f i s sures takes place by generat ion of gas in 

consequence of the boron decomposition during neutron i r rad ia t ion . 

4 . 2 . 2 . St£.£nj.e£S_s^e_e_l_304_6_ 

The curves corresponding to in-pile t ime - to - rup tu re t e s t s on 

s ta inless steel 304 and off-reactor control t e s t s a r e r ep resen ted in F ig . 10. 

To obtain a comparison with the Russian r e s u l t s , the value ρ a s a function 
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f time to rupture has been plotted in Fig. 11. Here it can be seen that, 
nder the influence of neutron irradiation, the number of fissure germs is 
omewhat increased, although insignificantly only, at 704° and 760°C, 
'hereas at 816 C it remains practically constant. 

In Fig. 12, the secondary creep rate has been plotted as a function 
f s t r e s s . At 704 and 816 C, a decrease of secondary creep rate is 
eter mined by irradiation, whereas at 760 C it is not changed by neutron 
eradiation. The change of secondary creep rate owing to neutron irradiation 
3 the resultant of two opposite influences, i . e . on the one hand the time-
3-rupture curve is displaced downwards, which corresponds to an increase 
ι the secondary creep rate at same s t ress , and on the other hand the 
longation decreases which, kinematically, means a decrease of secondary 
reep ra te . The different behaviour at 760 compared to 704 and 816 C 
3 to be traced back to the fact that at 760 C the displacement of the time-
D-rupture curve downwards is larger than at the two remaining temperatures, 
nd elongation of rupture remains unchanged. 

Value ρ as a function of secondary creep rate has been plotted in 
'ig. 13. This kind of representation has been chosen because all models 
Dr the formation of fissures start from the principle that germination of 
Lssures is caused by deformation. Therefore, it is to be expected that 
lis representation includes the physical relationship far better than that 
or the value ρ as a fucntion of time to rupture. Fig. 13 shows that 
ctually this is true. 

Value ν / k T , i . e . the volume of activation, has been plotted in 
'ig. 14 in dependence of time to rupture. As can be seen, the volume of 
ctivation is reduced in a creep process under neutron irradiation. 
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7) 4 . 2 . 3 . Cr-Mo-V cast s teel 

This example was chosen because the t i m e - t o - r u p t u r e curve shows 

certain anomalies which have been determined exper imenta l ly . F ig . 15 

shows a t ime- to- rup ture curve for this cast s teel at 500 C, according to 

the resu l t s of a test s e r i e s conducted at Georg F i s c h e r . As can be seen 

from this , an unsteady reduction of t ime to rupture i s observed at a ce r ta in 

s t r e s s . It seemed to be especially interest ing to de te rmine the r e s u l t s of the 

above-mentioned kinematic analysis of this t ime - to - rup tu re curve . The 

shape of the curve has been approached by the th ree s t ra ight l i ne s plotted in 

F ig . 15. The secondary c reep ra t e as a function of s t r e s s has been plotted 

in Fig . 16. At the t ransi t ion of straight line 1 to straight l ine 2, an unsteady 

r i s e of the same occurs . 

Fig . 17 shows the value ρ / α as a function of s t r e s s . It can be seen 

that at the t ransi t ion of straight line 1 to straight line 2, an unsteady inc rease 

in the number of f issure ge rms is observed which, however, d e c r e a s e s at 

the t ransi t ion of 2 to 3. 

Very interest ing conclusions can be drawn from plotting the value 

ρ /α as a function of the secondary creep ra t e (Fig. 18). As can be seen, 

the curves for the straight l ines 1 and 2 near ly coincide, and the slope is 

the s a m e . Whence, it can be concluded that the c reep p r o c e s s according 

to straight line 1 and straight line 2, the same mechanism for the formation 

of f issure ge rms is available, whereas for the c reep p r o c e s s according to 

straight line 3, there exists another relat ionship between g e r m number 

and secondary creep r a t e , a s is represented in F ig . 18. The difference 

between the two mechanisms of germination could for instance l ie in the 

fact that in the creep p rocess according to straight line 3, c r eep takes 

place by deformation of the grain boundary, and therefore the local r a t e of 
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elongation i s much higher than i ts mean value. The unsteady inc rease in 

the number of f i s sure ge rms at the t rans i t ion of curve 1 to curve 2 can be 

explained by the fact that the c reep r a t e and, consequently, the formation of 

f i s su re g e r m s per unit of t ime have been increased for the c reep p r o c e s s 

according to curve 2; the mechanism of formation of f i s su re s , however, 

remained unchanged. 

This conception is confirmed by regard ing the volume of activation 

as a function of s t r e s s (see F ig . 19). As can be seen h e r e , the volume of 

activation i s approximately the same for the c reep p r o c e s s according to 

curves 1 and 2, whereas it i s considerably sma l l e r for that according to 

curve 3 . 

On the bas i s of these ref lec t ions , the following general s ta tements 

can be made about the physical p r o c e s s e s based on the anomalies mentioned : 

a) The t rans i t ion of p r o c e s s 1 to p r o c e s s 2 is caused substantial ly 

by a softening of the ma te r i a l without the mechanism of formation 

of f i s su re s being changed. 

b) At the t rans i t ion of c reep p r o c e s s 1 or 2 to c reep p r o c e s s 3, there 

appea r s a new creep mechan ism with a different volume of activation 

and another mechanism of formation of f i s sure g e r m s . 

4. 3 . Separation of mechanisms of deformation and formation of f i s sures 

f rom those of long-t ime s t ruc tu ra l changes 
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4 . 3 . 1 . p£Y£lopjnejn££f_W£rJçmg_ajIHHPÎi^i 

The s t ruc tura l changes a r e distinguished from the mechan isms of 

deformation and formation of f i ssures by the fact that the fo rmer show an 

energy of activation that in the first approximation can be compared to the 

energy of activation for the s elf­diffusion, whereas the la t te r show an 

energy of activation that is given first of all by the chemical potential of 

s t ruc tura l change. This chemical potential, however, is given by the 

equilibrium lines in the phase diagram and by the amount of undercooling. 

If ageing and hea t ­ t rea tments a r e modified, this par t in the energy of 

activation will be changed above al l . We can therefore draw conclusions on 

the s t ruc tura l changes from the dependence on t empera tu re of values ν , 

σ and a determined in section 3 . 2 . 3 . This i s only poss ible , however, 

if the general s t ruc ture of the equations is known by means of which the 

influence of s t ruc tura l changes on the mechanisms of deformation is 

determined. To determine this s t ruc ture , we proceed as follows : 

It was possible to give some indications on these ra t ios for an 

important special case , namely for precipitat ion and growth of a secondary 

phase from solid solution in combination with climbing of sc rew dislocat ions 

ac ross these precipi tat ions. The following equations have been obtained for 

the values ν and σ „ : 
o 1 

Δ Η , , Δ Η 

(34) l0g V o + 273­íèr = Φ2 { ΧΤΈΓ - 1θδ *Β } 
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Δ Η , , ΔΗ, 

(35) l0g σ1 * ¿TIT = Η { ΤΤΈΤ - l0gtB } 

ΔΗ, , ΔΗ„ , Δ Ή.., ΔΗ Γ = heat of activation 1 o 4 o 

ΔΗ , and ΔΗ strongly dependent on the chemical 

potential 

Δ Η and ΔΗ not very different from heat of activation 

for self-diffusion. 

Δ Η ι 
These equations mean that, in case log ν + -r—-—57=- is 

ΔΗ o 2,3 RT 
slotted in dependence of —-—■^= ­ log t , one single curve for all 

¿, 6 x\ 1 D 

: empera tures i s obtained. The energies of activation ΔΗ and ΔΗ in 

;his case a r e functions of t e m p e r a t u r e . 

In the same way, one single curve is a lso obtained if 

Δ Η 4 Δ Η 5 
og 0 1 ­ R T is plotted in dependence of ­ R T ­ log t ß . 

To check the accuracy of these reflections in g rea t e r detail , t ime­

;o­rupture t e s t s on a Cr ­Mo­V­s tee l described by W . F . Brown Jr. et 

i l . have been evaluated. F ig . 20 shows the nominal s t r e s s , and Fig . 21 the 

elongation of rupture as a function of t i m e ­ t o ­ r u p t u r e . Using the method 

iescr ibed above, the relat ionship between s t r e s s and creep ra te has been 

iscer ta ined from these t ime­ to ­ rup tu re t e s t s by determining the values ν 

ind a a s functions of s t r e s s for the equation 

ν ( a) sinh 
o i o~Toõ I 



30 -

ν has been plotted in Fig. 22 and o, in F ig . 23 as a function of t ime to 
o 1 

rupture . If equations (34) and (35) a r e valid, the curves for different 

t empera tures in F igs . 22 and 23 can be brought to coincidence by means 

of a mere t ransla t ion. 

Δ Η 1 

In Fig . 24, + log ν has been plotted in dependence of 
2, 3 RT o 

Δ Η 3 
­ log t for t ime­ to ­ rup tu re t e s t s on a C r ­M o­V­s t e e l . As can 2 . 3 R T ° B 

be seen, it is possible to draw a single curve through the points obtained. 

The strong dependence of log v on t ime to rupture can be explained by 

the t ransi t ion of a creep law according to a hyperbolic sine to that according 

to an exponential function. It is interest ing to note that it is possible to find 

a uniform representa t ion according to equations (34) and (35) for both 

fields of c reep , as well as for the t ransi t ion of one field of c reep to the 

other . This permi t s the conclusion on the one hand that the r e su l t s of 

theoretical considerations a r e confirmed by prac t ica l t e s t s , and on the 

other hand that the t ransi t ion of one field of creep to the other is d e t e r m i ­

ned by the growth of precipitat ions and the p roces se s of overageing. 

Δ Η 4 

In Fig. 25, log a. ­ 0 0 0 _ , has been plotted in dependence of 
1 ¿, o xt I 

Δ Η. 

2 o p T — ­ log t . As can be seen, equation (35) can also be confirmed 

experimentally. 

For the energies of activation in dependence of t e m p e r a t u r e , the 

following values have been obtained under the assumption that the energy 

of activation for the self­diffusion is 78 000 ca l /mole : 
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TABLE 3 

Temp. °K 

755 

811 

866 

923 

ΔΗ, 

73 862 

76 889 

76 418 

78 000 

Δ Η
3 

78 000 

76 000 

75 000 

78 000 

ΔΗ, 
4 

1 207 

778 

554 

0 

Δ Η
5 

79 725 

81 250 

79 400 

78 000 
t 

It i s now easy to form an idea of the physical meaning of the 

e rg i e s of activation ΔΗ , Δ Η , ΔΗ and Δ Η , namely as follows : 

Creep ra t e i s calculated in dependence of t ime , i . e . the two values 

and a in the case of a two­phase alloy in which ballshaped préc ip i ­

tions develop by means of diffusion p r o c e s s e s . The calculation of creep ra te 

based on the model given by Ansell and Weer tman for the climbing of 

rew dis locat ions a c r o s s prec ip i ta t ions . 

F o r the growth of precipi ta t ions , Dorn ' s approximate calculations 

ve been applied. The changes of coherence s t r e s s and surface energy 

r ing overageing have not been considered in this approximation. It is 

r t h e r m o r e assumed that no formation of new ge rms for precipi tat ion 

kes place during the creep p r o c e s s . The free energy for s t ruc tura l changes 

η be determined from equation (34), as well as from equation (35). 
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Temp. °K 

755 

811 

866 

923 

TABLE 4 

Δ U 

determine·­' *rom 

equation (34) 

4 162 

2 139 

­ 182 

0 

Δ υ 

determine^ f r o m 

equation (35) 

9 007 

4 028 

1 954 

0 

Calculations gave the values compiled in Table 4 in dependence 

of t empera tu re . As can be seen, the two values calculated for the energy 

of activation do not agree closely. However, the differences can be explained 

easily by means of the simplifications based on the calculat ion. Mainly, the 

fact that the precipitat ions a r e not ball­shaped but f lake­shaped explains , 

as a single rough calculation shows, the differences observed. Moreove¿­, 

it is possible that in this alloy formation of ge rms of precipi ta t ions and 

overageing still take place during the creep p r o c e s s . 

These calculations have to be regarded as key tes t , s ince v e r y 

strong simplifications had to be introduced to check the fundamental 

accuracy of reflections made by means of only a few mathemat ica l calculat ions, 

Moreover, the physical investigations concerning the change of prec ip i ta t ions 

in the course of time and the climbing of dislocations over prec ip i ta t ions 

have not yet been brought to an end. The re su l t s obtained confirm, however , 

the fundamental accuracy of our concepts. Thus, a bas i s i s obtained for 

understanding and determining the influence of an annealing t r ea tmen t on 
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ie long-time mechanical properties at high temperature quantitatively on 
Hoys in which precipitation processes take place. 

5. CONCLUSIONS 

The described investigations have made it possible to establish in 
. quantitative way the relationships between the shape qf time-to-rupture 
urves and certain kinematic values which can be calculated on the basis 
f the physical theories. In this way, a basis is obtained for developing 
ew extrapolation methods by means of which the results of measurements 
f physical values can be introduced into the calculation quantitatively. It 
an be expected that, thanks to this fact, a substantial reduction of cost 
nd necessary test time can be achieved for determining the long-time 
mechanical properties at high temperature and under neutron irradiation. 

To check the accuracy of reflections made in the shortest possible 
.me very great simplifications had to be made in several instances in the 
ourse of the present investigations. Once the fundamental accuracy of 
models introduced can be regarded as confirmed, these models can be 
irther developed, and the computing methods applied can be considerably 
mproved. 

The results obtained also make it possible to evaluate summarily 
ie available results of technological time-to-rupture tests which have been 
lade at high temperatures and under neutron irradiation, and those of 
hysical investigations as regards the influence of neutron irradiation on 
ie mechanical properties. Considerable improvement of the situation 
>wards determining the long-time mechanical properties and developing 
ew materials can be expected from such an evaluation of investigations 
lready available. 
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Fig. 1 

The function e r ( ò ) in logarithmic 
r= 0,0,5; 0,75; 1; 1,25; 1,5 and 2. 
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Fig . 2 

Representation of έ as an exponential function of real order 
in ó for a carbon steel (0,09 C normalized at 920 ° C ), 

o 

«ω 

<¿ Kg /mm
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Fig. 3 - Schematic representation of elementary processes taking place 
during a time-to-rupture test. 
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SIMPLIFIED SCHEME FOR RUPTURE OF METALS WITHOUT STRUCTURAL CHANGES 

Deformation of 
c rys ta ls 

Deformation of 
grain boundaries 

Relationship between s t r e s s 
and creep ra te 

Formation of f issure g e r m s 
according to different 
p roces se s . 

Formation of a constriction 
and r i s e of effective 
s t r e s s 

Growth of f issure ge rms 
as a resul t of diffusion 
of vacancies 

Formation of a pure 
rupture of elongation with 
infinite local elongation 

Formation of rupture 
without deformation 

Formation of rupture with finite 
elongation. 
In this case elongation of rupture is 
given by the ficticious germ number 
at t ime t s 0. 

F ig . 4 - Schematic representa t ion of the simplified model, based on 

the calculat ions. 



Fig. 5 - Determining the creep law from the shape of the time-to-rupture 
curve (schematic). 
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Fig. 6 - Change of t ime-to-rupture curves as a result of neutron irradiation 

for Cr - Ni - alloy No 1. 
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Fig. 7 - Slope of ρ as a function of t „ for t ime-to-rupture curves according 
Β 

to Fig. 6 . 
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Fig. 8 - Change of t ime-to-rupture curves at 600 and 700 C by 
neutron irradiation for Cr - Ni - alloy No 2. 
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Fig. 9 ­ Slope of ρ as a function of t for t ime­to­rupture curves 
B 

according to Fig. 8 . 
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F i g . 10 - Change of t i m e - t o - r u p t u r e c u r v e s by n e u t r o n i r r a d i a t i o n fo r 

steel type 304-stainless. 
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Fig. H - ρ/ a as a function of t for t ime-to-rupture curves according 
to Fig. 10, 



Fig. 12 - ν as a function of a for t ime-to-rupture curves according 
sec 

to Fig. 10. 
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Fig. 13 - ρ / α as a function of ν for t ime-to-rupture curves according 
to Fig. 10. 
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Fig. 14 ­ ν /kT as a function of s t ress a for t ime­to­rupture curves 

according to Fig. 10, 
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Fig. 15 - Time-to-rupture curve for Cr - Mo - V cast steel at 500 C. 
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Fig. 16 ­ Slope of ν as a function of a for t ime­to­rupture curves 
S6C O 

according to Fig. 15. 
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Fig. 17 - Slope of ρ/α as a function of a for t ime-to-rupture curves 

according to Fig. 15. 
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Fig . 18 - Slope of ρ / α as a function of ν for t i m e - t o - r u p t u r e cu rves 
sec 

according to F ig . 15. 
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Fig . 19 ­ Slope of ν / k T as a function of a for t i m e ­ t o ­ r u p t u r e curves 

according to F ig . 15. 
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Fig. 20 - Results of time-to-rupture tests indicated by W.F . BROWN J r . , 
M.H. JONES, a n d D . P . NEWMAN, f o r a Cr-Mo-V-steel, 
represented in a double-logarithmic scale. 



Fig. 21 - Values for local elongation, calculated from the reduction of area 
for the time-to-rupture tests mentioned in Fig. 20. 
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Fig. 22 - ν as a function of t for a Cr-Mo-V-steel. 
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Fig. 23 ­ o­, as a function of t for a C r ­ M o ­ V ­ s t e e l 
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ΔΗ^Τ) ΔΗ (Τ) 

F i g · 2 4 ­ 2,3 RT + l 0 g V o a S a f U n C t Ì O n 0 f 2,3 RT ­ log t 

for a Cr­Mo­V­steel. 
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Fig . 25 - ΔΗ 
Δ Η , 

χ · - log t B a s a function of 

for a Cr-Mo-V-steelo 

2 ,3 RT 
+ log a. 
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