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Abstract

Deformation behavior of a Fe-3%Si steel with ultrafine MnS inhibitors was studied in the
temperature range 500-1000°C. The steel exhibits a threshold behavior. Analysis in terms of
threshold stress st.own that there were two characteristic modes of deformation behavior in the
power-law creep r:gime. At temperatures 500-700°C the value of the stress exponent, n, is equal to
6, and the true ac ivation energy for plastic deformation, Q, linearly increases from 170 kJ/mol to
value closed to 239 kJ/mol with temperature rise. At temperatures above 700°C the stress exponent
is about 4, and “he true activation energy for plastic deformation is about 240 kJ/mol. Two
temperature deper dencies of normalized threshold stress differed by a value of the energy term, Q.
were found in th:se two temperature intervals. The value Q, is about 55 and 39 kJ/mol in an
intermediate and 1gh temperature range, respectively. Operating deformation mechanisms in two
temperature regiois are discussed.

1. Introduction

The raise of service temperature is very important for some alloys and steels used at high
temperatures. Disoersion strengthening is an attractive approach to enhance the creep resistance of
these materials due to introducing of ultrafine dispersoids into metallic matrix. It leads to appearance
of threshold stress and an improvement of creep resistance at high temperatures. In spite of
numerous works dealing with creep of dispersion strengthened materials [1-9], their deformation
behavior is insufficiently understood [10-11]. The main limitation of existing threshold models is the
fact that there is no prediction of the experimentally observed strong temperature dependence of
threshold stress. This dependence could not been attributed to the shear modulus temperature
dependence [7,9,10]. At present the origin of such strong temperature dependence of threshold
stress is not yet lear. It should be noted that reported experimental data of threshold behavior of
dispersion strengthened materials were obtained in rather narrow temperature interval. Complex
examination of tt e temperature dependence of threshold stress in a wide temperature range has not
been performed yet.

Thus, the aim of the present study is to report threshold behavior of well-known steel Fe-3%Si at
high and interme-iate temperatures.

2. Experimental material and procedures

The material of testing was a hot-rolled ferritic Fe-3%Si steel supplied by ChMZ, Chelyabinsk,
Russia, having the following chemical composition: 3.1%Si, 0.06%Mn, 0.025%8S, 0.025%C,



0.06%N, 0.01%P, 0.03%Cr, 0.06%Ni, 0.06Cu, 0.003%Al, 0.008%As, Fe balance. The average
matrix griin size was about Smm. The material contains several types of dispersion particles. MnS
inhibitors are dominant precipitations in this type of Fe-3%Si steel. The number of spherical-shaped
particles vvas approximately 1.7x10" particles/m’ and their average size was about 80nm.

The specinens with 10 mm in diameter and 15mm in height were machined in perpendicular to the
prior rolliig direction. Compression test was conducted in temperature interval 500-1000°C at strain
rates of 0° to 107 s using testing machine Schenck-RMS100. For surface examinations the
specimens were prepolished by a diamond paste and deformed to the strain £=15% at £=7.0-10% g
Surface ohservations of deformed specimens were performed using a SEM JSM-840.

3. Experiinental results
3.1 Mech:nical properties

3.1.1 The shape of 5-& curves. Two temperature intervals differed by a shape of true stress-strain
curves were found (Fig.1). In temperature range
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3.1.2 The variation of steady-state stress with strain rate. Figure 2 shows the variation of initial
strain rate vvith flow stress plotted logarithmically. It is seen that deformation behavior of the steel at
0T tempcratures above 500°C is described in terms of

the power law
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3.1.3 The activatio 1 energy for plastic deformation. Algebraically, Eq.1 can be converted [12] to
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3.2 Surface observation

The surface metallographic features were found to be dependent on temperature (Fig.4). At all
examined temperatures, the slip morphology observed in this investigation could be classified as
multiple slip. Wavy slip features indicate that there is extensive cross slip occurrence. Temperature
decrease leads to 13calization of dislocation glide. At high temperatures uniform dislocation sliding
takes place and ext :nsive microscopic strain localization is observed at low temperatures.

Fig. 4. Deformation relief of Fe-3%Si specimens deformed up to £=15% at £=7.010" s™;
a) t=600°C; b) t=000°C.

4, Analysis and Discussion

4.1. An examination of threshold stress. It is obvious that deformation behavior of the Fe-3%8Si
steel cannot be described over a wide examined range of strain rate and temperature by Eq.1. It is
known [7-10] tha! an increase of the stress exponent with decreasing strain rate and the high values
of the activation tnergy for plastic deformation are attributed to threshold behavior of a material.
Therefore, the foll owing phenomenological equation for plastic deformation can be used

o-c,\ -Q
E;:A-( E ) -exp(R‘TJ 3)

where G, is threshold stress.



The stand:rd procedure was used to determine the threshold stress [7,9,10]. In estimating the
threshold stress, 6,, the experimental data were plotted as &' against ¢ on a double linear scale
(Fig.4) at a temperature in the range t=500-900°C. This graphic method can be used if the
deformatio1 of a material obeys equation Eq.3 and if o, is independent from the strain rate. The
datum poirts in this strain rate interval fit with excellent accuracy to a straight line by varying the
stress expoent, as 3,4,5,6,7 and 8. Extrapolation of this line to zero gives the vatue o,. The obtained
values of tF reshold stress at different temperatures are presented in Table 1.

Table 1. Tkreshold stress at different temperatures.
1, °C 500 550 600 650 700 750 800 850 900
n 6 6 6 6 5 4 4 4 4
Co, MPa [ 133.0| 904 | 349 | 247 | 222 | 121 9.0 74 6.9

The temperature dependence of normalized threshold stress, 6o/E, can be represented by [6, 7]
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where B, is a constant, and Q, is an energy term [9].
The value of Q, can be obtained graphically by plotting
In(c/E) vs 1/T (Fig. 5). It is seen that there are two
temperature intervals which differ in a value of energy
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and at intermediate temperatures (500-700°C) this
value is higher, 55kJ/mol. It should be noted that
temperature dependence of threshold stress was
reported for classic superplastic materials and for
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It is seen that deformation behavior of the Fe-3%Si steel is typical for behavior of dispersion
strengthenec. alloys. It is caused by the presence of ultrafine MnS inhibitors, It is known [14-16] that
there is no rzmarkable temperature dependence of Mn$ precipitate size and their volume fraction at
t<900°C. Cc nsequently, the transition in threshold behavior of the steel is associated with change of
interaction mechanism between dislocations and the hard obstacles.

4.2. An exainination of the normalized deformation data. The data of the analysis of deformation
behavior of the Fe-3%Si steel in terms of threshold stress (Fig.2, Table 1) allow to plot the
normalized ¢train rate, ékT/(D,Eb), against the normalized effective stress, (c-6.)E (Fig.6). There
Dy=2-10"ex(-251/(RT)) is the lattice diffusion coeficient in c-iron.

It is seen that the steel exhibits two characteristic modes of deformation behavior. First, at high
temperatures, 700-1000°C, and at low normalized strain rate, ékT/(DlEb)<10'8, there is a well-
defined pow r-law relationship with n=4.1. Such deformation behavior is associated with dislocation
climb contrclling by lattice diffusion [17]. This region locates below the Sherby-Burke criterion
(EKTADyGb)=10"®*) which has to represent the breakdown of the power law, At intermediate



temperatures, 500- 700°C, the slope of straight line dependence £kT/(DEb) vs (6-0,)/E is equal to 6.
Such transition could be interpreted in terms of transition to low temperature climb controlled by

n=6

Sherby-Biirke criterion

n=4.1
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stress, showing thz transition from power-law

plastic deformaion with n=4.1
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temperature regicn) to the creep with n=6

(intermediate tempierature region)

pipe-diffusion along the dislocation cores. The classic
relationship ny=ny+2 is observed for transition from
high to intermediate temperature. Notice, that the
experimental points in that region lie above the
Sherby-Burke criterion which exactly matches
transition from one interval of power-law creep to
another. From this point of view there is an
unambiguous of such simple interpretation of
presented results.

The temperature of transition from one region
of the power law to another and the temperature
which is the inflection point for threshold behavior of
the Fe-3%Si steel are similar. The change of rate-
controlling deformation processes is accompanied by
change of mechanism of interaction between
dispersoids and lattice dislocation. Thus, it is possible
to presume that there is a connection between
mechanism of interaction between dislocations and

obstacles and a ratc-controlling mechanism of plastic deformation.

4.3. True activation energy for plastic deformation in two intervals of power-law creep. The
true activation ene gy for plastic deformation, Q, in Eq.3 could be determined, as mentioned above,
by logarithmic plctting the elastic modulus compensated effective stress ws the inverse absolute
temperatures (Fig 7). In addition, we should take into account the existence of non-linear
temperature depen lence of elastic modulus caused by the second order phase transition in Fe-3%Si
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Fig. 7. Ncrmalized effective stress vs

inverse of ¢ bsolute temperature.
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steel. Therefore the: graphical plot In((c-6,)/E)-1/n:In(T/E) vs 1/T was made. The second term on the
ordinate axis is th: modulus correction of non-linearity of temperature dependence, in which the
value of n was chsen 4.1 in the examined temperature interval. The slopes of the tangent to the
curves at t=700°C are virtually unchanged and are about 7100K. At lower temperatures the value of
the slope decreases to 2100-2600K down to 500°C, monotonically.



The true ac:ivation energy calculated from the slope Q/(Rn) are presented in Fig.9. Notice that here
we used tn e values of n from Table 1. It is seen that classic temperature dependence [17] of true
activation energy is observed. At t>700°C the value of Q does not change and is 240+3 kJ/mol. It
coincides with exellent accuracy with the value of activation energy of lattice self-diffusion in a-iron
(Q=239 kl,mol). In temperature interval 500-700°C the true activation energy decreases to 170£10
kJ/mol, app-oaching asymptotically to activation energy for pipe diffusion, 174 kJ/mol [13].

It may argred from presented results that the transition from one controlling mechanism of plastic
deformatior. to another, with temperature, results in a change of mechanism of an interaction
between dislocations and dispersoids. There is a strong connection between the dislocation ability to
climb and t1e dislocation mechanism to surmount an obstacle. At higher temperatures the general
dislocation climb is a controlling mechanism of plastic deformation and dislocations overcome
obstacles, easily. A decrease of a dislocation climb velocity at intermediate temperatures causes
growth of activation term associating with the barrier to dislocation bypass. At present the origin of
the temperature dependence is not entirely clear. However, it is obvious that the dependence could
not be expliined on the base of existing models [1-3,7,12] and new models should be developed.

5. Conclusion

It was shown that deformation behavior of the Fe-3%Si steel at intermediate temperatures 500-
700°C and ¢t high temperature 700-1000°C was different.

1. The valus of the stress exponent, n, decreases from ~6 at the intermediate temperature to ~4.1
above ~700°C.

2. The true activation energy for deformation, Q, decreases linearly with increasing normalized stress
from ~240 1:J/mol at temperatures 700-1000°C to ~170kJ/mol at t=500°C.

3. It is demonstrated that high temperature data having n=4.1 lie below the Sherby-Burke criterion
(8kT/(D,Gt)=10"®) and intermediate temperature data having n=n+2 lie above this criterion..

4. Two diTerent temperature dependencies of threshold stress were found. At intermediate
temperatures the energy term, Q,, is ~55 kJ/mol and at high temperature Q, is equal to ~39 kJ/mol.
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