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CREEP OF A DISPERSION STRENGTHENED. STEEL 

Kama,l E. Am.in" and John E. ,Dorn&-

Inprganice Materials Research Division,' LaWrence Radiation' Laboratory,' 
and Department of Ma,terials Sciencea,nd Engineering, 

, College of Engineering , University, of California, 
Berkeley, California 

ABSTRACT 

Marcli, 1969 

,The creep behavior of a quenched and tempered Fe-!,-1o-C steel ,Tas 

investigated over the range of the magnetic Curie transformation from 

8750 to l075°K. The apparent activation energy for creep was insensi~ 

tive to the applied stress and had the same value over the primary and 

, secondary stages. It exhibited the same type of hump at the Curie 

transformation temperature as that observed for the apparent activation 

'energy for creep pf a - Fe, which it exceede,d by about 11,000 cal/mole. 

The secondary creep rate of this alloy increased with the 6.8 power of 

the applied stress in complete agreement with similar trends for a -Fe. 

The secondary creep rate, however" was about 10-3 that of a - Fe due, 

principally to its higher activation energy for creep. 

The authors are respectively graduate student. and Professor of Materials 
Science, Lawrence Radiation Laboratory, and Department of Materials 
Science and Engineering, University of California, Berkeley, California, 
94720.' ' 

This ';lark was done under the auspices of the United States Atomic Energy 
,Commission. 
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I. INTRODUCTION 

,Creep of most metalsand.some solid solution'alloys.at,high­

'. temperatures (ollows the relationship (1)_ 
., ... . 
'18 kT 
DGb 

where ys is the secondary shear strain, rate, kT the Boltzmann constant 

times the absolute temperature, D the diffusivity" G the shear modulus 

of elasticity, and T is the applied shear stress. Where the dislocation 
6 , .. ' " 

climb mechanism prevails A is about 3 x 10 : or greater and n varies with 

metal and'alloy from 4.2 to about 7.0 dependent on stacking fault 

energy, impurities and other as yet unknovm factors. 

In contrast to'studies on pure metals and sqlid solutions there. 

have been very-few systematic investigations on the creep behavior of, 

dispersion strengthened alloys despite the more intense technological 

interest in their higher creep resistance: The creep of a few disper-
,. 

sion strengthened alloys follow somewhat closely the relationship given 

by Eq. 1. The creep of other dispersion strengthened metals and alloys, 

ho.rever, exhibit significant deviations from the tenets of Eq. l. For 

example, the povrer n for thoriated Ni(2,3) is about 40, and that for 

SAP(6) is approximately 10;· furthermore, the apparent activation energy 

for creep of thoriated Ni (2,3) is about 190,000 cal. !mole, and that for 

(1156) , 
SAP " ranges from 150,000 - 400,000 cal. !P.101e, suggesting that 

creep might not be diffusion controlled in these systems. It is indeed 

difficult to determine vrhethel:' Or not such high activation energies for 

creep might in one way or another be related to that for diffusion. 
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.' , 

Recent i~ve~tigati~ns (7 )'have' shown that the apparent. activation 

energy for creep in a-fe shows a pronounced hump at the ~agnetic Curie 

transformation that is directly dependent on that for self-diffusion. 

If the apparent activation energy for creep of. a dispersion strengthened .' 

steel exhibited an analogous hump at the Curie transformation it would 

prove, regardless of its magnitude, that the creep was at least in part 

dependent on diffusion. The follo,.;ing investigation was initiated to 

examine this possibility. 

'. ' 

. ; .. ' 
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II. MATERIALS AND TECHNIQUE 

.An ideal steel for th5.s investigation would be one in which the 

dispersed phase remains unaltered during the high-temperature creep 

tests. To approximate this idealization a Ho-C steel was selected and 

heat treated so as to obtain a fairly stable dispersion of H02C in the 

steel matrix. The analysis in weight percent of the steel used was as 

follows: Mo-4.00, C-0.19, Hn-0.50, Si-0.08, 0-0.029. The 2-3/8 in. 

diameter by 10 in •. high ingot .ras quench-cast in a Cu mold and 

homogenized under argon for 7 days at 1100oC. Follo.ring removal of the 

surface by turning, it was forged to 5/8 in. in diameter at 11000C and 

swaged in four steps at about 10000C to 0.34 in. in diameter. Between 

·each swaging step the bars were surface cleaned. 

The bars were austenitized under argon at.1200oC for two hours, 

quenched in ice brine, and thereafter cooled in liquid nitrogen to 
.. 

provide fairly complete transformation of the austenite to martensite. 

Each bar was tempered and given a spheroidization anneal under argon at 

·80ooc for 24 hours and then quenched in water. Samples from the various 

bars exhibited the same uniform grain size and dispersion of carbides. 

Honeycomb (8 ) has shm-m that, in a steel of about the same com;posi t ion 

and heat treatment, the dispersed phase consists of H0
2

C particles 

't-,hich are quite stable. The creep-testing temperatu:r'es were somewhat· 

below the spheroidizing temperature and should not have introduced any 

ma.jor alteration in the microstructure. Typical examples of the 

microstructure before and after creep-testing are shown in Figs. la and 

b :t~espectively. No changes in the microstructure during the course of 
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creep at the highest test teml?era,ture eQuId be detected • 

Double.".sh~a,r types of specimens ,"previOusly us~d C91 with ~i'gh 

, success, were adopted for this investigation. This ty;pe,of specimen 

exhibited uniform shear over the gage section and the same shear strain 

on each gage section. Duplicate tests gave identical results. 

All creep tests were conducted in an argon atmosphere. " Furnace 

temperatures were held constant by a proportioning controller that was 

'activated by two chromel-alumel thermocouples placed on the specimen 

adjacent to the two gage sections. Specimen temperatures were held ' 
+' ' ' " 

constant to better than - 1°C throughout each constant temperature test. 

, Loads were applied through a lever arm and the stresses were determined 

+ to an accuracy of - 0.15 psi. Shear displacements of the specimen were 

determined by means of a linear differential transformer from which 
-4 ' 

strains accurate to 10 were calculated; gage section dimensions were 

'measured to the nearest 0.0002 inches. 

'. ~ 

The apparent activation energies for creep were determined from the 
, , 

'effect of small changes in temperature, ~ 14° to 16°c, on th~ secondar; 

creep rate. The fixtures and specimens had sufficiently low heat, ' 

capacity to permit the temperature to equilibrate and the new creep rate 

"to be obtained in about three minutes. The new creep rate,s ,.,ere 

determined following the three minute transient period. 

In a few cases the effect of stress on the steady-state creep rate 

was obtained directly from creep curves at constant stress. Most of the 

data on correlations behTcen stress and the steady-state creep rate, 

however, "rere obtained from constant-temperature creep tests in which 

/,:, 

il 
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III,. '. EXPERLTl4ENTAL RESULTS 

a. Effect, of Stress on ~he Steady-State Creep Re.te 

. A typical creep curve is sho.Tn in Fig. 2. It reveals inl tial 

strain upon loading, followed by primary (I), secondary elI)., and 

tertiary(III), creep as are obtained for high-teIuperaturecreep of 

annealed metals. The fact that a brief primary stage is folloved by an 

'. extensive steady-state condition of secondary creep reflects the fact 

that a rather stable microstructure had been obtained and that it 

remained substantially unaltered over the entire steady-state condition. 

Typical examples of the steady-state creep rate, obtained when the 

stress ,las periodically changed, are illustrated in Fig. 3. 'A rather 

brief transient in the creep rate was observed upon an, increase or a 

decrease in the stress level. As in the case of pure metals, this was 

followed by a steady-state creep rate that was independent of the 

previous stress history and depended only on the acting stress. The 

same steady-state creep rates were obtained from the constant and the 

periodically varied stress tests. 
{. 

The effect of stress on the secondary creep rates for the series, 

of temperatures that were investigated is shown in Fig. 4. The blocked 

,'symbols r.efer to data obtained from constant-stress creep tests, the 

open symbols refer to data obtained by the periodically varied stress, 

tests in creep, and the cross symbols refer to dato.obtained from the 

Instron tests., rfhe three sets of data agree vrell with each other. As 

shown in Fig. 4, the effect of stress on the secondary creep rate is 

insensitive to the test temperature, and can be represented by 
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the stress was changed periodically during cree)?Additional data were 
. . ". , 

. obtained from thesteady-stat~ shear' stress' obtain'ed from tests conducted 

in an. Instron machine at a constant strain rate. It .ras observed that' 

following a brief transient upon change in stress or strain rate a new 

steady-state appropriate to the ne" condition was established. The same 

steady-state creep rate was obtained regardless of· the differences in 

the three test procedures that were employed. 
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IV.. DISCUSSION 

The apparent activation energy for creep of the M02C dispersion 

strengthened steel is invariant over the primary and secondary stages 

of creep and is insensitive to variations in the stress. As shmoTn in 

Fig. 6,.it exhibits a hump o~erthe temperature range of the magnetic 

Curie transformation that is wholly analogous to that for the apparent 

activation energy for creep(7), and also self-diffusion in a-Fe. Since 

no alternate explanation for the hump in the apparent activation energy 

for creep of tliis M0 2C dispersion strengthened steel appears possible, 
. . . \ 

it is concluded that its creep rate is determined by a diffusion 

controlled mechanism. Furthermore, as shown in Fig. 4, the secondary 

creep rate increases with the same 6.8th pm-Ter of the applied stress for 

. all temperatures covering the range of the magnetic Curie transformation, . 

in complete agreement with the corresponding relationship for creep in 

a-Fe. These observations lead to the inevitable conclusion that the 

creep of this dispersion strengthened steel is controlled by the. 

dislocation climb mechanism. 

The sole point of departure between the creep of this dispersion. 

strengthened steel and that for a-Fe arises from the fact that its 

. apparent activation energy is about 11,000 cal./molehigher than that 

for a-Fe. To illustrate this point, Eq. 1 will be adjusted to read: 
. 
1s kT 
DGbe(-Hc/RT) 

= .AC(T/G) n 

where D refers to the self-diffusivity in a-Fe and Hc is an additional· 

enthalpy of activation term for the dispersion strengthened steel. 
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'6~B Y = K' {T}, T . 
s, 

where K'. {T}is a function of the temperature. 

b. Effect' of TemEerature on 'the Secondary Creep Rate •. 

UCRL-18803 

(2). 

Creep must necessarily· occur as a result of'a therma.lly activated 

mechanism. Consequently the major influence of temperature on the creep 

rate must arise from an exponential term involving mihus the free energy 

of activation per mole over the gas constant, R, times the absolute 

temperature, T'. Since the temperature can also enter the analysis in 

other less pronounced ways it is convenient to define an apparent 

activation energy for creep by 

. . 
Qc 

= !~ln X I R 
In yiYl . (3) = 

, /), (- l/RT) T 1 1 
'T T2 • 1· 

• • 
where y 2 and y 1 are the creep rat es follo,fing and preceed,ing small 

changes in temperature. fromTl and ~T2. Typical examples,of cyclic. 

temperature creep curves are shown in Fig. 5. Following a very short 

temperature transient they invariably give a limiting creep rate. Most 

of the data on the apparent activation energies for creep were obtained' 

for the steady-state. However, as in the case of metals, the apparent 

activatio~ energy for creep of this dispersion hardened alloy was also 

found to be independent of the stage of creep and of the applied stress .. ' 

The apparent activation enereies for creep and their scatter bands are 

shown in curve fla" of Fig. 6 as a function of temperature. 
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Thus,the apparent activation energy for creep of the. dispersion 

strengthened steel is given by 

where ~ is the enthalpy for self-diffusion in a-Fe, namely ~ln D)/. 

a/ (_l/RT ). An estLrnate of the magnitude of each .term of ECJ.. 3 is 

given in Fig. 6. ~ was deduced directly from the data of Lai and 

BOrg(lO,ll) on tracer self-diffusion in a-Fe covering the range of the 

magnetic Cur:ie transformation. No data are available on the variation 

of the moduli of elasticity with temperature for the matrix of the 

dispersion strengthened steel under study here. A fair estimate of the 

.. . ..(12) 
modulus effect, however, was deduced from data on a-Fe by Koster 

and the corresponding date on an Fe - 4 wt % Mo steel by Fuchs (13) • 

The trends of the moduli for a-Fe and the Fe - 4 vn % Mo alloy were 

reasonably similar and their mean" value was adopted in the present 

analysis for evaluating -(n-l) R~2 a G/ aT . The value of ~ - RT -

(n-1) RT2 aG, shown in Fig. 6, agrees well with the previously reported 
G aT 

activation energy for creep in a-Fe(7). In contrast, the apparent 

activation energy, Qc, for the dispersion strengtllened steel, vide 

Fig. 6, appears to be uniformly higher by about 11,000 cal. /mole. It is 

possible that this difference arises from experimental error which is 

CJ.uite high for both r~ andQc. Several factors, hm-rever, suggest that 

the effect is real. (a) The good agreement obtained between Qc for a-Fe 

and ,~ - RT - (n-l) Rl,2 ae , suggests that the latter expression is 
e a '1' 

reasonably correc;t. In addition Qc for theclispersion strengthened steel 
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was determined to an accuracy of about + 3,000. cal Jmole •. and it 
. . . 

scattered appr()ximatel~ 4 ;'000. cal:/mole. from the mean values; . 

ConseCluently the difference of 11,000 calories per mole is judged to be 

real. (b) 'l'he secondt1.ry creep rates of the dispersion strengthened steel 

can be suw~arized in accord yQthECl. 2 as shown in Fig. 7 using Hc as 

11,000 cal./mole. '. Thus 

·+s· {dispL~ = 6 x 10
15 

DGb -ll,OOO/RT . .e 

where as similar data for 

hJ~-~e}kT = 
DGb 

6.8 
(4 ) 

The good. coincidence between the secondary creep rate data for the 
. ... 

disper'sion strengthened steel and that for a-Fe, as shown, in Fig. 7, 

enhances the concept that Hc is real, and about 11,000 cal.!mole. 

The secondary creep rates of the dispersion strengthened steel, 

ys {disp.}, are less than those fo~ a-Fe, n~ely ys {a-Fe} by a factor 

f given by 

ys {disp} 
. . '. ~'..' 

= 0.03 e -11, OOOjRT ys {ei-Fe} (6) fYs {a-Fe} = 

which reveals that the e'xtra enthapy of activation for creep, Hc, 

constitutes a strengthening factor. 

The questio!l concerning the origin of Hc has not yet· been answered. 

It might arise from one or more of a number of possibilities such as 

(a) effects of alloying on t~ediffusivity 6f vacancies, (b) effects of 

solute atom dra.e;on the c]j,mbj,ng dislocations, and (c) effects of 

substructural changes induced by the dispersed phase in restraining 

activation for the climb of disloca.tions. 

" .. 

'-'7. 

I 
I 
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V • CONCLUSIONS . 

1; The creep of.\. a tempered Fe ;.:. 4% Me -0.20%C 0.50% Mn steel 

over· the range·of temperatures· covering the magnetic Curie transformation 

form 875 0 to 10750 is largely' diffusion controlled. The apparent 

. activation ehergy for. creep has the same hump.at the Curie temperatures 

as does the activation energy for diffusion in a-Fe. The apparent 

.activation energy for creep of this dispersion strengthened steel, 

however, is about 11· ,000 cal. /mole higher th~n that for creep of a-Fe . 

. 
2. The secondary creep rate ysfor this dispersion strengthened 

steel was found to obey the relationship 
. 
ys kT· 
DGb -Hc/RT e 

= 

where the symbols have their usual meaning as described in the text. of 

this report. Whereas, Hc = 11,000 cal./mole and A = 6 x 1015 for the 

dispersion strength~n~d steel, Hc = ° and A = 2 x 10],7 for ~-Fe. 

3. The increased creep resistance of the dispersion strengthened . 

steel over that for a-Fe arises principally ·from the value of Hc. The 

I'hysical origin of this term, hm.rever, is not known . 

. , 
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l-a. Before 

XBB 693-1697 
l-b. After 

Fig. 1 Microstructure of the alloy 

a. Before creep test 

b. After creep test at 952°K 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa­
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As' used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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