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Constitutive description of creep in silicon iron at 
high temperatures 
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Primary and steady state creep in a Fe-3wt% Si solid solution was investigated in the 
temperature interval 823-973 K at applied stresseswhich resulted in minimum creep rates of 
1 0 - ~ - 1 0 - ~  S-I. The creep curves were described by the McVetty equation and the 
dependence of its parameters on external variables was discussed. For a constitutive 
description of the curves based on the choice of the internal stress as a single internal 
variable, a set of constitutive equations that include the experimentally found relation 
between the creep rate and the internal stress were suggested. Consequences resulting from 
this suggestion for the internal stress values which follow from the analysis of the creep 
curves were discussed. 

1. Introduction 
The equations that describe creep behaviour can be 
obtained by integrating the constitutive equations, 
which describe the kinetics of the process, and the 
evolution of internal variables [l]. The internal vari- 
ables should reflect the structural state of the material 
and its influence in the deformation process. These 
demands are probably fulfilled by the internal stress, 
which is generated by the structure and opposes the 
process of straining. Internal stress resulting from con- 
tributions of strain hardening and recovery seems to 
be an appropriate internal variable of the primary 
creep [2]. A macroscopic mean value of the internal 
stress can be obtained experimentally in the condi- 
tions of creep, for example by the method of Ahlquist 
and Nix [3]. It has proven to be an adequate measure 
of the internal stress acting in the creep process [4] 
and corresponds to structure data [5] The possibility 
of a direct measurement of the internal stress gives 
a chance to gain independent information on real 
values of this internal variable. 

When the influence of the materials structure is 
described by internal stress as a single internal vari- 
able, only two equations are required for the constitut- 
ive description: a kinetic equation relating the strain 
rate to external variables and to the internal stress, 
and an evolution equation of the internal stress. 

The aim of the present work is to discuss the consti- 
tutive description of high temperature creep leading to 
the McVetty equation [6] of the creep curve, 

In Equation (I), E is the total strain in the time t, E, is 
the initial strain resulting from loading, E, the strain 
reached by the primary transient creep process, T the 
relaxation time of the primary transient creep and $ 
the steady state creep rate. Equation 1 is often a rather 

good approximation of the creep curve in its primary 
and steady state stages [7]. As a single internal vari- 
able the internal stress is taken and the kinetic equa- 
tion is chosen in a form respecting the real stress 
sensitivity of the creep rate observed in the experi- 
ment. A fulfilment of the last demand leads to a formu- 
lation of more general constitutive equations, admit- 
ting an arbitrary value of the stress sensitivity para- 
meter of the creep rate. 

The choice of silicon iron as the experimental ma- 
terial was motivated by a projected investigation of 
some microstructural aspects of creep and the ease of 
microstructural investigation of this material by etch 
pitting. Results of this investigation will be published 
in another paper. The present study on a constitutive 
description of creep in the alloy was performed to 
obtain an objective understanding of the creep curve 
characteristics. 

2. Experimental procedure 
The experimental material was Fe-3 wt% Si solid 
solution of technical purity, which was cold rolled 
and annealed in the initial state. A final annealing 
of 4 h at 1323 K in a hydrogen atmosphere lead 
to a homogeneous microstructure with grains 
elongated in the direction of rolling, the average 
size being 193 pm and the size aspect ratio was 1.92. 
The dislocation density in the grains did not exceed 
1 x 10'' m-'. 

The creep specimens, 50 mm in gauge length and 
3.5 x 3.0 mm2 in cross-section, with their longitudinal 
axis parallel to the rolling direction, were subjected to 
creep under a hydrogen atmosphere at temperatures 
of 823, 873, 923 and 973 K and applied stresses to 
which minimum creep rates within the interval from 
10- 7-10- s- ' correspond. The creep curves were 
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obtained in the form of a digital recording of experi- 
mental points a(t) equidistant in the true strain range 
up to 0.35 (limited by the range of the creep machine). 
About  70-350 data points were available for each 
curve. The reproducibility of the creep curves judged 
on the basis of a comparison of five curves obtained at 
T -- 873 K and o- = 100 M P a  was very good. In none 
of the creep tests performed over the range of creep 
conditions mentioned previously was a pronounced 
tertiary stage, or a fracture produced. 

The creep curves were fitted to the McVetty equa- 
tion by means of an optimization procedure using the 
least squared deviations of strain as a criterion. 
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3. Results and discussion 
3.1. Creep curves and the McVet ty  equat ion 
Typical creep curves of the material are shown in 
Fig. l a  in coordinates of true strain ~ versus relative 
time of testing t/to.3s (t0.3s is time to reaching the 
strain e = 0.35, i.e., 5.64 x 10Ss at the applied stress 
o - = 3 0 M P a ,  5 .10x103s  at o - = 7 5 M P a  and 
7.32 x 101 s at o- = 150 MPa). At the lowest o- at each 
temperature, the material shows as a rule "alloy" be- 
haviour [8], i.e., the creep curves have a sigmoidal 
character, they start with an incubation period for the 
accelerated creep, which after some time is followed by 
a normal  pr imary stage. At higher applied stresses the 
material behaves as a "metal" [8], i.e., the normal 
pr imary stage exists from the beginning of the creep 
process. A relatively small decrease of the creep rate 
indicates a small degree of hardening of the material 
during creep. The initial elongation is also very small 
over the whole range of the applied stress. 

The normal  pr imary creep curves and the normal 
pr imary parts of the sigmoidal creep curves could be 
fitted to the McVetty equation within standard devi- 
ations of the strain of about  ~0.001, the worst case 
was 0.003. Fig. lb  shows typical "undulations" of the 
experimental curve CExe(t/to.3s) around the fitted 
McVetty curve ~Mcv(t/to.35). The McVetty equation 
overestimates the value of strain at the start of the 
pr imary stage by overestimating the initial elongation 
~0 and then letting the creep strain grow with a rate 
significantly lower in comparison with the experi- 
mental data. At the end of the tested interval of strain, 
a contribution of the tertiary stage process, which has 
not been included in the present analysis, c an  play 
a role. The creep curves obtained under high applied 
stresses show further small deviations across the 
whole strain range, corresponding to fluctuations of 
the strain rate during the rapid creep test. 

We can conclude that a substantial part  of the creep 
curves, at least in the interval between 0.1-0.9 t/to.3s 
can be approximated rather well (i.e., within an 
acceptable standard deviation) by the McVetty 
equation. 

3.2. Parameters of the creep curves and 
const i tu t ive equat ions 

McVetty's equation, Equation 1, expresses the time 
dependence of the total strain s in terms o f  four 
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Figure 1 Typical creep curves of the Fe-3wt % Si solid solution 
taken at 923 K (a): a sigmoidal ("alloy") curve at tow applied stress. 
((---), c~ = 30 MPa) and normal ("metal") primary creep curves at 
higher applied stresses ((--) c~ = 75 and ( . . . . .  ) cs = 150 MPa); (b): 
their deviation from the fitted McVetty curve. 

phenomenological parameters, which can be evalu- 
ated as independent characteristics of the curve. The 
corresponding equation for the creep rate may intro- 
duce alternative parameters, dependent on the above 
mentioned values: the maximum transient creep rate 

(&T)max = I~T/'E (2) 

or a dimensionless parameter  

,4 = (3) 

The last expression is closely related to the internal 
stress in a constitutive description which uses the 
internal stress as a variable. The kinetic equation is 
then based on the back stress concept [8, 9], which 
supposes the strain rate to be controlled by the differ- 
ence (o -- ol), wl~ich expresses the point that the inter- 
nal stress o-i opposes the deformation process. The 
simplest form of the kinetic equation is based on 
a power relationship between g and (o- - %) and can 
be written in the form 

Es(O- - -  o-i~m* 
= \o- - ~is/ (4) 

Note  that with m* = 1 Equation 4 includes also an 
approximation of the g oc s inh[B(c~-  o-i)] propor-  
tionality (B is a parameter  in M P a - t ) ,  acceptable for 
a small value of the argument, B(o- -- o-i) < 1.5. The 
evolution equation for the internal stress, which with 
Equation 4 and m* = 1 leads to the McVetty equa- 
tion, is [7] 

(~i = (o-is - -  O'i)/T (5) 
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The parameter  O-i~ is the steady state value of the 
internal stress reached by definition in the steady state 
stage of creep under an applied stress O-. The para- 
meter A can then be expressed as 

O'is  - -  O-iO 
A - (6) 

O- - -  O-is 

where O-io is the initial value of O-i corresponding to 
t = 0. Equation 5 combined with Equation 4 leads to 
[7] 

dq = h~ - r (7) 

where h is the coefficient of strain hardening, 

h = \ 8e ]t  . . . . .  t. = (O- - O-i~)/(Gz) (8) 

and r is the recovery rate, 

r \ 8t ] . . . . . .  t. = (O- - O-i,)/'c (9) 

Evidently, in our procedure, both h and r are constant 
in the course of the creep curve. 

Regarding the kinetic Equation 4, objections can be 
sometimes raised against the weak stress dependence 
of the creep rate given by the choice of the exponent 
m * =  1. We can propose an alternative evolution 
equation for the internal stress that with Equation 
4 will represent a set of more general constitutive 
equations leading to the McVetty equation and ad- 
mitting an arbitrary value of m*: 

• (o- - O- , ) [1 -  (o- - (lo) 
m*z \ O- - O-i~ J 

By analogy to Equation 6, the equation relating the 
parameter  A to the stress parameters has the form 

A__ (_;- o o O._ , _  o,,.J (,,) 

Equation 10 with m* # 1 cannot be easily rewritten to 
the form of Equation 7 and the coefficient of strain 
hardening h' and the recovery rate r '  cannot be de- 
rived uniquely. The closer approximation to reality of 
the kinetic equation created by admitting the experi- 
mental value of m* in Equation 4 is paid for by a more 
complicated evolution equation for O-i. The physical 
meaning of Equation 10 is probably more apparent  in 
its form 

~ = 1 1 - -  (12) 
(3" - -  O-i m * T  

obtained by combining it with Equation 4: a relative 
change of the effective stress O-* = O- - O-i with time is 
a linear function of the reciprocal creep rate ~, scaled 
by 1/m*. 

3.3. Creep  data  
Fitting of the creep curves to Equation 1 yielded 
values for the parameters in Equation 1 from which 
the other parameters defined by Equations 2-11 could 
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Figure 2 Initial elongation eo plotted as function of the applied 
stress cn The points S give hypothetical data of sigmoidal curves. 
The experimental data were recorded at, (O) T = 823, (A) T = 873, 
(D) T = 923 and (O) T = 973 K. 
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Figure 3 Applied stress dependence of the transient strain ~T. The 
data were recorded at (O) T = 823, (A) T = 873, (M) T = 923 and 
(�9 T = 973 K. 

be derived. We now summarize their relations to the 
external variables (applied stress O- and temperature 
T)  and some relations between the parameters them- 
selves. 

The initial strain a0 resulting from initial elongation 
was found to grow very slightly with the applied stress, 
Fig. 2. To sigmoidal creep curves starting with an 
incubation period a negative value of ~0 was formally 
ascribed by fitting their normal pr imary section to 
Equation 1. 

The transient creep strain aT represents about  
0.25-0.33 of the total creep strain a reached within the 
test and slightly decreases with the applied stress, 
independent of temperature as is shown in Fig. 3. 

The relaxation time z of the transient process 
and/or the maximum transient strain rate (~T)MAX and 
the rate of recovery r show similar dependences on the 
external parameters as the steady state strain rate ~s, 
which can be generally expressed in the form 

[~s'(~T)MAX, 1/% r ] =  C o - " e x p ( - - ~ T  ) (131 

The exponent n and the activation energy Q, which for 
~s, 1/~ and r at least at the three higher temper- 
atures and for (~T)MAX in the whole temperature 
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T A B  LE  I Values of the applied stress sensitivity parameter  n and 
apparent  activation energy Q in eq. (13) 

Parameter  
of creep curve 

n Q [kJ tool-  1] 

k~ 5.70 + 0.08 373 4- 8 
(&T)MAX 5.68 + 0.17 382 +_ 14 
I/Z 5.67 + 0.24 390 4-_ 24 
r 6.82 _+ 0.26 371 _+ 26 

interval can be evaluated as constants independent of 
cr and T, have rather similar values - see the summary 
in Table 1. Values of the exponent n correspond to the 
value n ~ 5 typical for "metal" creep behaviour [8], 
the activation energy is higher than the value charac- 
terizing the lattice diffusion in alpha iron, 
AHsD = 255 kJmol  - t ,  in the corresponding range of 
temperatures [10, 11]. A higher slope in the plots of 

F i g .  4(a-d) showing the stress dependences of data 
corresponding to the temperature 823 K - could pos- 
sibly be understood as an expression of a different, 

applied stress dependent, activation energy Q in the 
temperature range 823-873 K. Alternatively it may 
indicate another temperature dependence influencing 
the factor C. Similar dependences of parameters of 
the transient and steady state creep component 
on external variables of the creep process may be 
understood as an indication that both the compo- 
nents are controlled by the same microstructural 
mechanism. 

The dimensionless parameter A, plotted against the 
stress in Fig. 5, shows no pronounced temperature 
dependence and only a weak tendency to decrease 
with increasing applied stress. Values of A can be used 
to evaluate the steady state internal stress ai~ when- 
ever the initial internal stress oh0 is known. Unfortu- 
nately, the last value cannot be derived from any 
results of the present computations. Nor  can it be 
easily determined experimentally. It is evident, that 
within the present constitutive description, the same 
creep behaviour is obtained for any combination of chs 
and ergo giving the same value of A. Thus, evolutions of 
internal stress in various intervals ((ho, q~s), to which 
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Figure 4 Dependences on applied stress and temperature of the creep curve parameters (a) steady state creep rate ~,,  (b) reciprocal value of 
the relaxation time �9 of the transient creep, (c) max i mum transient creep rate 8T/r, and (d) recovery rate r. The data  were recorded at (~) 
T = 823, (A) T = 873, ([q) T = 923 and (�9 T = 973 K and m* = 1. 
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Figure 5 Parameter  A of Equat ion 3 plotted versus applied stress at 
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1.0 

0.8 

0.6 

# 
0.4 

0.2 

0.0 
0.0 

I I I I 

0.2 0.4  0.6 0.8 1.0 

O'io/o- 

Figure 6 Influence of initial internal stress value Cho on the value of 
steady state internal stress ch~ in the steady state creep. The value of 
m *  = 1 .  

different ranges of structures should correspond, may 
result in the same creep curve. This fact may introduce 
some doubt  on the instantaneous internal stress as 
a relevant internal variable. Another problem, impor- 
tant for the value of %0, is introduced by the fact that 
the experimental creep curve deviates from the 
McVetty equation in the initial stage of creep, 
t _< 0.1to.35. The values of %o mentioned above are 
thus hypothetical values corresponding to the 
McVetty equation extrapolated to t = 0. 

Fig. 6 illustrates (for m* = 1) the effect of the value 
of ~ o  on the value qf ~is. In accord with Equations 
6 and 11 the steady state internal stress r is linearly 
dependent on ~0  and the choice of ~o  = 0 leads to 
minimum values of ~ ,  i.e. (~)MIN representing the 
lower limit of this value in the present structure. 

In accord with Equations 8 and 9 the recovery rate 
r and the strain hardening coefficient h represent up- 
per limits of these parameters if ( (~ i s )MIN has been used 
for their evaluation. The strain hardening coefficient 
seems to be independent of temperature as is shown in 
Fig. 7. 

We will now compare the internal stress values 
calculated from a constitutive description with avail- 
able experimental data. 

For  the evaluation of internal stress cy'is from Equa- 
tion 11, the value of m* can be taken from experi- 
mental data of two creep curves, during which the 
evolution of the internal stress was measured by 
a special experimental technique [12]. Curve (a) gives 
values of T = 823 K and cy = 175 MPa,  and curve (b) 
T = 973 K and ~ = 45 MPa.  Detailed data and the 
analysis of the evolution of the internal stress are 
discussed elsewhere [13]. The power law dependences 
of the creep rate ~ oc (~ - oh) m* give values of m* ~ 3 
and 1.8, respectively, for curves (a) and (b). These 
values can be compared with the result of Solomon 
and Nix [14], of m* = 2, found for the stress depend- 
ence of both the pr imary and the steady state creep 
rate in the same alloy and internal stress measured by 
the strain transient dip test technique of Ahlquist and 
Nix [3]. 

In Fig. 8, values of the minimum internal stress 
in t h e  steady state creep ((Yi~)MtN evaluated from 

104 i i i i i i i I i 

13- 

t -  

~E 
0 

e -  

e -  

r 
- r  

103 

102 

/X 
[] A 

[] 

101 , I I , ~ ~ ~ 1  ~ ~ 
2 5 2 5 

10 100 

S t ress ,  ~ (MPa)  

Figure 7 Applied stress and temperature dependence of the coeffic- 
ient of strain hardening h. The data  were recorded at (O) T = .823 K, 
(A) T = 873 K, (E]) T = 923 K and (�9 T = 973 K. 

Equation 11 for m* = 1, 2 and 3 are plotted as func- 
tions of the applied stress ~. Apparently, the (6"is)MiN 
versus ~ dependence can be approximated by a single 
straight line corresponding to a simple propor-  
tionality between (~is)M~N and ~, independent of tem- 
perature. This result is in qualitative accord with the 
experimental data of Pahutovfi et al. [15]. By increas- 
ing the value of m* we obtain lower values of (~s)MIN 
and, consequently, a lower slope of the propor-  
tionality line, for values of m* = 1, 2 and 3, the corres- 
ponding values of ( O ' i s ) M I N / ( Y  a r e  0.50, 0.29 and 0.20 
respectively. 

The above ratios are lower than the experimental 
data on the ratio ~i~/cy measured by Orlovfi et al. [13] 
at the steady state stage of the creep curves (a) and (b), 
i.e. 0.58 and 0.62, respectively. If we extend this result 
as an assumption to the whole set of our curves by 
assuming cyi~/cr = 0.60, Equations 6 and 11 will yield 
non-zero average values of %o, i.e. Cyio/(y = 0.21, 0.44 
and 0.50 for m* = 1, 2 and 3, respectively. The latter 
two values are in rather good agreement with the 
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Figure 8 Applied stress dependence of the minimum internal stress 
(Ch~)MIN evaluated from creep curve parameters for different values 
of exponent m* in the kinetic equation 4. The data were recorded at 
(~) T = 823, (A) T = 873, (U]) T = 923 and (�9 T = 973 K. 

results of analysis of experimental data on the curves 
(a) and (b) of Orlov/t et al. They note however that 
there are alternative methods to Equations 5 and 10 to 
describe the evolution of the internal stress. 

4. C o n c l u s i o n s  
High temperature creep in a Fe-3 wt% Si solid solu- 
tion can be described by means of the McVetty equa- 
tion with parameters dependent on the applied stress 
and temperature. The manner of this dependence sug- 

gests that both the transient and the steady state 
component of the primary creep process are control- 
led by the same microstructural mechanism. 

For a constitutive description taking the internal 
stress as internal variable, a set of equations admitting 
the power law effective stress dependence of the pri- 
mary creep rate was suggested. The price for the fact 
that the kinetic equation can now be chosen to corres- 
pond to experimental data is paid for by a more 
complicated evolution equation for the internal stress. 
The minimum internal stress value in the steady state 
creep stage which is deduced from creep curve para- 
meters is proportional to the applied stress and is 
independent of temperature. It decreases with increas- 
ing the exponent in the kinetic equation, i.e. for a high- 
er effective stress sensitivity of the cree p rate. The 
internal stress evolution probably starts from a non- 
zero initial stress, which should exist in the material at 
the beginning of creep. 
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