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' CREEP OF A DISPERSION STRENGTHENED STEEL
Kamal E Amin"and John E Dorn”
Inorganlce Materlals Research D1v151on Lawrence Radlatlon Laboratory,
- and Department of. Materials Science and Engineering,

 College of Engineering, University of Callfornla,
: ' Berkeley, California

ABSTRACT
' March, 1969
IR ﬁThe éfeep behavior'pf.a guenched ahd-fempered Fe-Mo-C steel vas
iQVestigated over the range of the ﬁagnetic Curie transformation from .
-875° to 1075°K. The apperent activation energy fbr«creep was insehsif‘f,"

tive to the applied stréss and héd'the same‘value over the primary and"

_secondary stages. It exhibited the same type‘of hﬁmp at the Curie

transformation temperétu%e as that observed for the.apparent activation

"energy for creep pf o - Fe, which it exceeded by about 11,000 cal/mole.

‘The secondary creep rgte'of.this alloy increased with the 6.8 power of
the applied stress in complete égreement with similar trends for o - Fe.

The secondary creep rate, hOWever,;was about 10_3 that of o - Fe’dueﬂ_v

- prineipally to its higher activation energy for creep.'

The authors are reepectiVely graduate student. and Professor of Materialsfv‘
Science, Lawrence Radiation Laboratory, and Department of Materials

Science and Englneerlng, University of California, Berkeley, Callxornla,
9720,

This work was done under the auspices of tne Unlted ctaues Atomlc Enervy

Comnmission.
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 example, the power n for thoriated Ni

for creep_of thorlated Ni

a- . canasses

I. INTRODUCTION
_Creep of most-metals"and:some SOlid:solutionballoyshat:hlghf S

(1)

t-temperatures follows the relatlonshlp

s .= 2 - .(1)._
DGb (G) R

where Ys is the secondary shear straln rate kT the Boltzmann constant

tlmes the absolute temperature, D the dlffus1v1ty,.G the shear modulus :

of elasticity, and T is the applied shear stress. Where the dislocation.:.

l climb mechanism prevails A is about 3 x lOG: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 unknowm factors.

.In,contrast to studies on pure metals and sqlid solutions there.
have been very few systematic-investigations on the-creep behavior of.l

dispersion strengthened alloys despite the more intense technological

- interest in their higher creep resistance:» The creep of a few disper— ’
",s1on strengthened alloys follow somewhat closely the relatlonshlp glven fL
by Eq. 1. The creep of other dispersion strengthened metals and alloys,

_ however, exhibit significant deviations from the tenets of Eq. 1. For

(2’3) is about 40, and that for

6 .
SAP( ) is approx1mately 10, furthermore, the apparent actlvatlon enersy

(2, 3) is about 190,000 cal,/mole, and that for

'SAP( ?5’6) ranges.from 150,000 - 400,000 cal./mole, suggesting that

creep might not be diffusion controlled'in these systems. It 1s indeed

difficult to determine whether 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‘investigations(7)'have‘sﬁown’that the'épparent,actiVation
enérgy»fof creep in a-Fe shows a prdnouncéd-hﬁmp at thﬁ_magnetié 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

depehdent on diffusion. The followihg investigation was initiated to -

examine thiévpossibility.-

&
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" 'and heat treatment , the'dispersed'phase consists of Mo

5. UcRL-18803

. II. MATERIALS AND TECHNIQUE

.V]An'ideai steel for thisbinvestigation would be one in which the

 dispéfsédvphase remainslunalteredvduring the high—tempersturé creep

o tésts. .To-approximato this idéalization a Mo~C'stesl wasvselectediandrl>
1héat tréatéd so as to obtain a>fai?ly stablé disbersion ovaoec in the
.steel matrix. The analysis’in woight.percent of the steel used vas. as
-follows:- Mo-k.00, €-0.19, Mn-0.50, Si-o§08 0-0.029. The 2-3/8 in.

o dlameter by 10 in. high 1ngot was quench—cast in a Cu mold and
_ homogenized under argon for T days at 1100°cC. FollOWing removal of the ;
:sﬁrface oy tufning,_itiwas forged to 5/8,iﬁ. in diameter st‘llOO°C and‘;'”

- swaged in four stépshat.about 1000°C to OLShbio.vin diametei. ﬁetween'

-each swaging step the bars were surface cleaned.

The bars were austenitized uﬁder‘argon at. 1200°C for two hours ,

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

. provide féirly complete transformation of the éustenitevto‘martensité{

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

'800°C for 2h hours and then quenched in water. Samples from the vsrious

" bars exhibited the same uniform grain size and disper81on of carbides

(8)

as shown that, in'a steel of about the same compos1tion

2C-partioles

vhich are quite stable. The creep~testing temperatures were somewhat
“below the spheroidizing température and should not havé introducedvany_'

Qmajor alteration in the microstructure ijical ekamples of “the

mlcrootvucture before and after creep- testin~ are shown in Figs. la and

'g;b respectively. No ohanges in the microstructure during the c¢ourse of’
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creep at the hlghest test temperature could be detected

'_ Double—shear types of spec1mens, preV1ously used(g) with hlgh
'success were adopted for thls 1nvest1gatﬁon. Thls type of" spec1men
'iexhlblted unlform shear over the gage sectlon and the same shear straln.i‘“'

"f on each gage sectlon. Dupllcate tests gaveildentlcal results. '

All'creep tests were conducted in an argon atmosphere, . Furnace :‘_v_?

" temperatures were held constant by'a proportioning controller that was,:f;"__'

r’activated‘by two chrbmel-alumel thermocouples placed on the specimen
-adjacent-tO'the two gage sectiohs.n Spec1men temperatures were>held
'*‘dconstant to better than - l°C throughout each constant temperature test
;;Loads Were applled throuéh a lever arm and the stresses were determlned '
: to an accuracy of t O 15 psl. Shear‘dlsplacements of the spe01men were'¥ E
h-determlned by_means_of a linear differential transformer from vhich E
strains accurate to lO—h werevcalculated; gage section'dlmensions were 4,:
:_-measured to the nearest Qt0002‘inches.v R S
The z;-P];>:':L1’ent activation energies for creep were~determined from the - -
"effect of small changes in temperature, - lh° to l6°C on the secondaryﬁl__’
creep rate. The flxtures and spec1mens had’ suff1c1ently low heat .
capacity to permit the temperature to equlllbrate and the‘new creep rate
~to he obtained in ahout three ninutest " The new-creepfrates were .' -
- determined'following_the threevminute tranSient period:
v In a few cases the effect of stress on the steady-state creepvratevhw"
was ohtained directly.from creep curyes at constant’stress. Mosttof'the,”
data on correlations between'stress and the'steady~state creep rate, )

however, were obtained from constant-~temperature creep tests in which
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IIT. - EXPERIMENTAL RESULTS

a. .Effect of Stress on . the Steadv—State Creep Rate '
A typlcal creep curve is shown in Flg 2 It revcals 1n1t1al

ffstraln upon loadlng, followed by prlmary (I), secondary (II), and

tertlary(III), creep as are obtalned for hlgh—temperature creep of f” .;:""

vannealed metals- The fact that a brle- primary Stage is follo"ed bj an.
‘.exten51ve steady—state condltlon of secondary creep reflects the fact
“that a rather stable mlcrostructure had been obtalned and that 1t
‘ remained substantlally unaltered over the entlre steady—state-condltdonf
" Typical examples of the steady—state creep rate; obtalned when the'
_stress was perlodlcally changed,.are 1llustrated ln'Flg. 3. A rather
brief transient in'tne creep rate was observed upon an,increase or a
; decrease in the stress level As in the case of pure metals,‘tnls was o
followed by a steady-state creep rate that was 1ndependent of the '
- previous stress history and depended,only on the acting stress. Tnel
'i same steady-state creep rates‘were obtained from'the constant and the p
periodically yaried stress tests. . |
.The.effect of stress on the secondary creep rates-forrthe seriesf::d

- ~of temperatures that were investigated.is shown in Fig; 4. The blockedl v

'fsymbols refer to data obtained from constant stress creep tes ts, the

”:open -symbols refer to data obtained by the perlodlcally varied stress
tests in creep, and the cross symbols refer to data obtalned from the .
”Instron tests.. The three sets of data'agree-nellvwith-each other, .As_;
rishonn in Fig.fh, the effect of stress:on theesecondary creep rate'is

“insensitive to the'test_temperature, and can be represented by




6 R NS UCRL§18803_

4,5the stress was changed perlodlcslly durlng creep Addltlonal data were

‘obtalned from the steady—state sbear stress obtalned from tests conducted

in an Instron machlne at a constantvstraln rate; A was observed that.
' _;follow1ng.a brlef tran31ent upon change in stressvor straln rate a new
steady;state approprlate ,o the neW‘condltlon was establlshed The same:
:steady—state creep rate was obtalned regardless of the dlffereoces ‘in

7'the three test procedures that were employed

o

g T e s
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' "'1 :flj o ;r S ;hf?n: IV.. DISCUSSION
o - 57thhetapoarent:actiration energy:?orlcreep of,the,Moécidisperelon
' strengthened steel ie'invariant overrthe primary and secondary.stages_
of.creeh ahd.isvinseneitive'tovvariations in-the.streesp‘ As shoﬁn in -
Fig.l6,.it exhibits a hump oﬁer,thevtemperature range of the:magnetic’
i : licurie transformatioh that ls wholly analogous to that for the apparentg.
? :: . »*vj'v -f activation energy for creep(7), and also eelf-diffusion.in d—Fe.. Sinceel
ih no alternate explanatlon for the.hump'in_the apparent:activation énérgy:xj-'
bforvcreep of this MOZC.dieperéion.strehgthened\steel appears posSlble,_
it is concludedhthat'ite creep‘rate ls,determinedfby~a diffusion‘
e._cohtrolled mechanism. Furthermore; ae:shown ih Fig HA the secondary

- creep rate 1ncreases w1th the same 6. 8th pOWer of the applled stress for

in complete agreement with the correspondlpg relatlonshlp for creep 1n‘-'

a—Fe. These observatlonS'lead to the 1nev1table conclusion that the

creep of this dispersion strengthened steel:is-controllea.by the.'
; S hdislocatiOn climh mechanism. |
The sole‘p01nt of departurevhetween the creep of thlsbdlsperSLOn :
'fstrengthened steel and that for a—Fe arises from the fact that ltS N
‘apparent actlvatlon energy is about 11, OOO cal /mole hlgher than that

/

for a-Fe.. To illustrate this point, Eq. 1 will‘be adjusted;to,read:

- o e - ;Ac<%/é>en )

DGbe (~He /RT)
‘where D refers to the self-diffusivity in o-Fe and He is an additional "

- _enthalpy of activation term for the dispersion Strengthened steel.

‘all temperatures coverlng the range of the magnetlc Curle transformatlon,v"'
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"&s K fT} T6 8 ";A;;v:'.'ﬂ:~p:t‘ptlc _‘p(gj. 

_where K ff} 1s a functlon of the temperature. N

b, Efféct'df»Temperature on'the Secondarv Creep_Rate{
Creep must necessarlly occur as a result of a therma’ly actlvated

mechanlsm. Consequently the major 1nfluence of temperature on . the creep

rate must ariserfrom an exponential term involving mlnus the free energyr

of ‘activation per'mole over the gas constant, R, times the absolute
temperature, T. Since the temperature can alse'enter the analysis-in
other lese pronounced weys it is convenient to define an_apparent

actlvatlon energy for creep by '

‘T2

g In Yg/Yl L _(35"j
( - 1/RT -1 o aet p,_‘_-,p

'v> where,§2 and Yl are the creep rates,followingrand'preceedihg small
-changes‘in tempereturetfrom:Tl and;ng. Typical examplesgofvcyclic_;:-'

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

temperature transient”theyrinveriab;y give a limiting creep'rate.. Most é .
vof tﬁe data.on-the:epparect activation energies_for.creep were'obtained'v

for the steady-stete._‘However, as in the case of retals the apparent fi
activation energy for creep of thls dlsperSLOn hardened alloy was also pf
found_to be 1ndependent of the stage of creep_end of-tne applled stress;3{ -

The apparent'activation energies for creep'and their scatter bands are

shown in.curve "a" of Fig. 6 as a function of temperature.

e e e e

enmam - mn gy T
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Thus, the apparent activation energy‘forﬂcreep'of the dispersion

strengthened steel is glven by

Qe = 8 ln i HD + H - RT - (n—l) RT BG "_ '(3) :
| 8- gp| - .G 3T, o

T

where HD is the enthalpy for self—dlffuswon in a—Fe, namely G)ln D /
8/ (— /RT) An estlmate.of the magnloude of each,term of Eq. 3 is
| h'given_in Fig. 6. Hy was deduced directly from the data of Lai and

(10,11)

' Borg on tracer self-diffusion in a-Fe covering the range of the‘:

magnetic Curie transformation.- No data are available on the variationzj'
of the moduli of elast1c1ty with temperature for the matrlx of the
‘,”_dlsper31on strengthened steel under study here. A falr estlmate of the

~modulus effect, however was deduced from data on a—“e by Koster(lz)

and the correspondlng date on an Fe - L wt 7 Mo steel by Fuchs( 3).

The trends of the moduli for a-Fe and the Fe - L wt % Mo alloy were

reasonably 51m11ar and thelr mean- value was adopted in the present '
analysis for evaluating —(n—l) RT2
ﬁn:_l_RT 3G, shown in | Fig. 6, agrees well with the prev1ously reported :M
acglvatlonaznergy for creep in o~ Fe(7). In contrast, the apparent

9 G/BT' The value of HD - RT -

'actlvatlon energy, Qc, for the dispersion Strengthened steel, v1dej-.
~Fig. 6, appears to be unlformly hlgher by about 11, OOO cal./mole. :Itiis_"
‘ p s:ble that this dlfference arises from experlMental error Wthh>lSl"
_qulte high for both HD and Qc Several factors, houever, suggest that.
. the effect is real.’ (a) The good-agreement obtainedﬁbetween Qe formu—Fév~_i
'.and~HD - RT - (n-1) RT2 '~ 3G , suggests that»the latter expressionvis

: G > 0T - 3 .
reasonably correct. In addition Qc for the dis ersion strengthened steel
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was determlned to an . accuracy of about + 3 OOO cal /mole. and it

scattered approx1mately h OOO cal, /mole. from the mean values..

v-ConSequently the dlfference of 11,000 calozles per mole lS Judged to be

'real. (b) The ccondury crcop rates of the dlspcr51on.strengthencd stecl .
can be summarlzed in accord with Eq..2 as shown in Fig. 7 using Hc as
11,000 cal./mole. - Thus

| 68
“““ {dlSD{‘kT =6 x x 107 ( /G) - R ' ‘ (W)
‘DGbe-ll 000/RT ) S T

v

- where as similar data for a-FéT‘, also shown‘ianig; 8,-fevealsvthatv:: |
- ysforelxr = 2x10”( /G)'.6-‘8 )

The good c01nc1dence between the secondary creep rate data for the
_ dlSperSlon strengthened steel and that for a—Fe,'as ‘shown 1n Flg 7, R
‘ enhances the concept that Hc is real and about 11, OOO cal ﬁmole.

The secondary creep rates of the dlsper51on strengthened steel

-Ys {dlsp }, are less than those for a—Fe, namely Ys {a—Fe} by a factor':du‘v

St glven-by

.an{disp} = f.ys {OL'—Fez».'I= 0.0é éell;QdQRT %s{d;Fe}v (6)

’_whichlreﬁeals.thet tneceXtre entnany of activation for_creep, He,
”:'constitutes‘a strengthening‘factor. | |
The ouestion;concerningvthe originvof'Hc has not yet-been snswered.>‘.
It might arise from one or more of avnunber of pcssinilitieS»such as - o
(a)-effects of alloying on the.diffusirity of vacancies, (b)deffects:of ﬁ. | |

-solute atom drag on the climbing dislocations, and (c¢) effects of

substructural changes induced by the dispersed phase in restraining = : oo

‘activation for the climb of dislocations.
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”7} f v. CONCLUSIONS

S The creep of & tempered Fe = u7 Mo -0, 2070 - o 507 Mn steel

vover the range ‘of temperatures coverlng the magnetlc Curle transformatlon -
i form 875° to 1075° is largely diffusion controlled The apparent
‘Vactlvatlon energy for creep has the same hump at the Curle temneratures -
- as‘does the actlvatlon energy-for diffusion in a—Fer The apparent ’
‘hactlvatlon energy forlcreep of thls dlsner51on strengthened steel

'1 however, is about 11, OOO cal /mole hlgher than that for creep of a—Fe

2.< The secondary creep rate Ys for this dlsperSLOn strencthened

'_steei’was found to obey the relationship.

w2 . 6.8
- rDGbe—Hc/RT ‘e)

where the symbols have thelr usual meanlng as descrlbed in the text of

tthls_report. Whereas, Hc = 11, OOO cal /mole and A = 6 b'd lO15 for- the R

17 for a—Fe. ]-e

3. The, 1ncreased creep re51stance of the dlsper51on strengthened

steel over that for a—Fe arises pr1nc1pally from uhe value of He. The

_ phy81cal orlgln of thls term however, is not known
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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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