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HIGH TEMPERATURE DEFORMATION OF A
MOLYBDENUM ALLOY STEEL

'Kamal BElsayed Amin

Inorganic‘Materiéls ResearcheDivision;.Lawrence Radiation Laboratory,_
and Department. of ‘Mineral Technoldgy, College of Engineering,
~ University of California, Berkeley, California

- December, 1968
ABSTRACT |
The creep behavior of a hw¥Mo spheroidized steel from 875 to 1075%K,

obeys the emperical relation:

i

pGbe ¢/ RT

= 4 (/e)®0

where.A“iS'a constant independeﬁt of temperatufe,br is the ePplied shear‘
streSs; Giis #he shear‘moauius, D is fhe self diffusivity ofed;Fe,.Hé is
a constant'independenf of'feﬁperature and stress and is equal to 13 Kcal/ -
mo;e, k is the ﬁoltzmenn;s>eonstan£, R is the geé constant and T is the
abselute femperatﬁfe;__Cree?'of this allejbwas eoﬁpared with fhatefer

a-Fe. A dislocatioﬁ1climb.c6ntfolling mechanism.is postulated.
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I. - INTRODUCTION .

‘ It is now_reqognizedl.that the high-temperature créep of most

metals and some alpha solid solution alloys obéy the relationship

yET ' =
e A(In (1)

DG G

whefe;%s is the steadypstate créep raté,‘kT the Boltzmann COnstént times
ﬁhé absolute temperature, D the self diffusivity, G the shear modulus of
elasticity; b the Burgers vectdr;'T the applied shear stress; the con-
stant A is usually about 25 x 107 and n varies from about 4.2 to 6.9
dependént oﬁ;the stacking vfault energy, purity and other‘as'yet un-
identified factors. Despite the greatér engineering interest in the more
creep feéistant dispersion stréngthened alloys, there have been relatively
few systemati.c'inveétigations2 on the factors'responsiblé-for their be-
haviof. Not’only have the proposed theories for high-temperature creep
ofidispersion strengthened alloys proveavto be ingdequate b@t? more
épecifically, thé limited expérimental data that‘are énalyzéble for
decisions on the mechanism that might ﬁrévail‘do not feveal consistent
frends; : |
" The creep df.éeVéfal_dispersidn strengthened alloys3 aﬁpear to

follow somewﬁat‘the genefal tenets of Eg. (l) ﬁith séveral significant
de%iations tﬁerefrom: (1) Whereasi£he apparent actiﬁation énergies'for'
creep of metals and some alpha_solid solutions aréii#;excellent agree—
ment with that for self diffusion, those for dispéfSiéné;are usually
higher.and often substantially so;vvFor example, the acfiVétiQn energies

—— : . _ : k -
for high-temperature creep and self diffusion for Ni and Al are 65,000



and 34,000 cal/mole respectively, while those for creep of the oriated

Ni3 and s4P2°% T are about 190,000 and 150,000 to 400,000 cal/mole

respectiveiy despifé the.fact that.thé‘defbrming matrix_in the dispersion
streﬁgthenéd alloys is,about.thé samevas in thefmetalgvfhemselves.
(2) Whereas n iﬁ.metalsi‘ranges from about 4.2 to 6.9, it is usually
mﬁch'highervfor dispersion strengthened alloys; fof the oriated Ni3 it is .
about 40 and -for SAPT‘approXimafely 10;" |

A major factdr'féffdeduéing‘ﬁhé dislocation mechahiémsﬁresponsible
for p;astic_behaviér of érystailine materiéls is the acti?étion gnergy ‘
of the prbéess.. It appears iné&itable‘tﬁatvfhé achievéﬁent of a steady-
state éreeﬁ-raté must depend either directly’dr indirectly on the.réte-'
of’climb of dislocations}  in'this event. it is expected that diffusion
mqu'play‘sbmé role in the cfeép process. At present, hoﬁevér, it is
not known whéthér the apparent activation energies for créép of dispéréion f'
stréngthehedvalloys are in any way'asséciated with those for selfvdif;__
fusion'in’the'métfix. vFﬁfthermore;:it is difficult to derive an expefi—»i
ment that can fevéél'éﬁcﬁtﬁoésible aéspciation béfﬁeén the activaﬁion
energy for creep of a‘dispersibn1sfrené£hened élloy and that for self- -
diffusion in the-matfix; | |

.Recent inves£igatiéné§4have shownrthat the appargnt activati6n
energy for ¢reep of'alpha.Fe éhbws:a_prohouhcéd humb'over'thevfegién.of
the magnefié:curie transf6rmati§n that is directly associated; Quantita—.
tively as well as qualitatiVely, with an identical hump in the appafent
activation energy for self difquion. If the.activafion ehéfgy for»éreep
of a aispersion strengthened steél were not to.exhibif this hump, it would

reveal that self diffusion does not play a direct role . in the creep



mechanism. But if,thi;‘hump appeafs ih.thé higher apparent activatidﬁ
energy for creep of disperSionhstrengthened.steel; the mechanism does
involvé self diffgéioq with modification resulting from complicated
interaction of disloéationsf The following inveétigation was initiated

to resolve this. important issue.
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II. MATERIALS AND TECHNIQUE
An ideal steel for this investigation would be one in which the
dispersed phase remains unaltered during the high—ﬁemperature'creepitests.

To approximate this idealization, a Mo-C steel was Selected ahd_so heat

|

treated as to obtain a,féirlyistable dispersion of Mo,C in the steel '

matrix.- The’analysis ih weight perCenf,of the steel uSed_was as follows:
Mo-4.00, C-0.19, Mn—0.50, Si-0.08, 0-0.029. The as. cast 2-3/8 in.
diametér by 10 in..hiéh ingot was quench‘cast in a Cﬁ mold‘ana homogenized -
undef argon forlT days at 1100°C. Following removal of the surface by
turning, it was forged to 5/8 in. in diameter at 1100°C and swaged in .
four‘steps at aboﬁt';OOO°C to 0.3h iﬁ. in diameter. Between each swaéing
step the bars were surface'éleaned.

vThe bars &ere austenitized under argon.at.1200°0 for tvo.hourg,'
guenched iﬁ ice brine and thereafter cooled in liquid nitrogen to'provide
féirly_cdmplete transférmation of fhe austenite to martensite. Each Bar
was fempéred éndﬂgﬁvenﬁa-spheroidization anneal under argon at BOOOC-fof
2l hours and then ciuenéh__éd in wat‘e:r. Samples from the various bars ex-—
| hibitedbthe.same uniform_grain size‘and'disperSioh of Qafbides.

9

Honeycomb ‘has previously shown thaf in.a steel of abbut the same éompo—
sition and heat tréatmén£'the diéﬁefsed phase consistsof M020 partic;es ‘
which ére quite‘étabie. The'creep tésting temperatufés were somewhat
_below the spheroidizing temperature.and shéuld‘not have introducéd any

‘major alteration in.the‘microstruéture. ‘Typical examples‘dfvéhe micro-
structuré after quenchingvahd’béfore and after créép tes#iﬁg are shown

in Figs. la, b and c respectively. No chahges in the microstfucture

‘during the course of creep at the highest.test.temperature could be detected.



Tensile creep tests:could not :be. conducted due.to.the‘eérly intro-
duction.of:necking. .Consequently, double shear types of specimens,
previously used with high'suecess,.were adopted for this,investigation.
Their design'i53shQWn;iﬁeFig.,2. This type of specimen exﬁiﬁited uniform
shear.over the éage eection and the same shear strain on each gage sec-
tion. Duplicate teste gave aimosf identical results aﬁd»the design and
teehnique'appeared to-be vefy satisfactory in.every respect. |

All .creep tests Were conducfed in an afgonaatmosphere. Furnace
temperatures were held‘constant by a propoftioning controller that was
. activated by tWo‘chremel—aiﬁmel'thermocouples placed on the specimen
adjacent to the two gage section. Specimen temperatures.wefe held cen—
stant to better than‘ilbc throughout eech constant temperature test. |

Loads were applied through a lever arm and the stresses were de~
terminea to an éccuracy'ef +0.145 psi. ‘Sheér displacementevof the
specimen were determined by means of‘a linear diffefential transformer
from which.étrains acéurate to lQ_A were calcelated; gage section dimen-
sions were meaeﬁred to thevneafest 0.000é inches.

The.apparent activatieﬁvenergies'for creep Wefe deterﬁined from -
the effect of smallfchehgee'iq.teﬁéerature,v ih° to 16°C, on the
secondaryecreeﬁﬁfate; Theifixtﬁring and.Specimeps had sufficiently low -
heat cepacity to permiﬁ_ﬁhé—temperafure té eguiiibrate and the'new creep
rate to be obtained in abeut‘S minutes. The.new creep retes.were'deter—
'mgned fellowiné the 3 minute transient period. |

The effect of stress onvthe;sieady state efeep'ratejwas'pbtained in
a few cases directly from creepfcurvee at constant'strese énd:temperature.

Most of the data on the correlaﬁion.between stress and the steady-state
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creep rate, however, were obtained ffom.constant:temperature tests in
which the stress was changed periodically. 'Itiwasiobservédfthat foiloﬁ#V
ing a brief transient_upon.phange ih.stress a,new.steady-stafe éreep
rate appropriate.tb_the.ﬁéw_stfess was established. Thé same steady-
state cfeeb r;te was.obtained‘regafdless_of-the»differencessin these two

. _ i
approaches. ‘ ‘ o : : _ |
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III. EXPERIMENTAL RESULTS

A tyﬁical creep qurve'is shown in Figl 3. .It reveals initiai‘creep
strain upon loading, followed by primary (I), secondary (II)laﬁd fertiary
(III) creep aé aré obtainéavfor highétemperature creep of annealed metals.
The fact that a‘brief p?imary stage is followéd‘by an extensive steady-
state condition of secondary cfeep-refleéts the fact that a rather stable
microstructure had been obtained aﬁd‘that it‘remains substantially un-
altered over'thé entire steady—staté condition.

Typical examples of the stéady—stafé creep rate obtained when the
.stréss was pefiodicaily.changed are illustrated in Fig. L. A_rather
brief transient‘in the creep rate was observed upon an increase or a
- decrease in the stress leVel. As in the,éase of metals, this was fol-~
Jowed by a steady—statevcreep rate that was independent of the previous.
strés% historyland depended only on the'acﬁing sfress. The same steady-
-state creeprates were obtained from the éonstant and the periodically
varied sfress:tesfs.

The effect>df streés én fhe sécondary_éreep rates for the éerieé of
temperatures that were iﬁvestigated is -shown in Fig. 5, wheréas‘the dpen
symbois refer té ddta ébtaiped by the periodically varied stress tests
and th¢ blocked symbols refer ﬁo data obtained from constant stress tesfs..
It is easily noted_that fhe two §éts'of data agree well within the usual

-limits of experimental error. The.éffect,of'stress oh the secondary creep
rate is insensitive to the test’tem?e;ature asvsﬁéwn in Fig. 5, and can
be represented with reasonable accuracy by |

2 6.8

vy =x {7} T (2)
s = H
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where K is a . function of the temperature.

B. 'Effect of: Temperature on the Secondary Creep Rate

Creep must necessarlly.occur as a result,of a,thermally activated
mechanism. .Qonsequently the major influence of.temperature on the creep
rate must arise_fromfan exponential term invoiving ninus a free energy
of activation per nole.overjthepgas constant R tines the'absolute tempera-
ture. Since the.temperature can also enter the anal&sis in-other less
pronounced ways,:it has been convenient to.define an apparent activation

_energy for creep by

: 1 ' s ,.lnf?2/§1. o '
: c = Aln = S i o

‘ﬁdf-ﬁz '

wherehrz and Qltare the creep’rates folidwing-and preceding'smalluchanges
in temperaturecfrom T3 to:Tz. Typicalpexamples of;cyclic temperature'
creepvcurves are shownlin Fig. 6. Followrng a veryvshort temperature-:
.tran51ent they 1nvar1ab1y glve ‘a linltlng creep rate.' Mostrof‘the data o
on the apparent actlvatlon energles for creep Were obtalned for the

steady state. However has 1nrthe‘case of metals, the apparentractlvation
_energy for creep of th1s dlsperslon hardened alloy was also found to be
'1ndependent of the stage of creep and of ‘the applled stress. The-apparent

actlvatlon energles for creep and thelr scatter ‘bands are shown in |

Fig. 7 as a functlon of the_remalnlng pertlnent varlable of temperature,



IV. DISCUSSION
The apparent activation energy for creep,6f.the.MozC'dispersion
strengthenéd_Steei exhibiﬁs a hump over the range of the magnetic curie
transformation that is .reasonably analogdus to that for the apparent

activation energy for creep of OL—Fe8 and also that for.Self diffusioh

© in o-Fe.

These correlétion$ revéal ﬁhat the creep of the dispersion
strengthened steel under investigation'here is indeed largely dependent
on a diffusionecontrolled mechanism. No alternate'eXplanation for’the
bunp inthe appareﬁt activation energy appears-possible.

On the other hand;:fhe apparent_activation'energy for creep of the
dispersion strengthened stéél is higher than that fér a-Fe by about
13;000 cal/ mole. in‘#iew éf the observation by Borglo,that'the dif;
fusivity of Fe in o~Fe is not materiallyvaltered‘by mihor amounts of
alloying element, it appears that the excess value of the apparent
activation energy for c?éep’of the dispersion streﬁgthéned alloy above
fhat for -a-Fe mﬁSt érise frém disloéation substructural feafﬁres in the
dispersion strengthgned allby,l This concept is strengthened by'the
observation_thaf_the apparent.activatibn:energies for high-temperature
creep'éf dispersion étrengthened,alloys ére generally éreater‘thanvthose
for self—diffuéiog in thg métrix.v' | |

 The>apparent acti&ation energy'fér creep of the disperéion éfrengthQ
Aened steel‘revealeﬁ no consiétent trénd when coﬁsidéred as é fuﬁction df
_stress aloﬁe. As shown in Fig; T, if appears to:deﬁéna oﬁ\the tempéfa-
ture. This is fUrfhef confirmed'by the empiricalﬂfaiidity”df Eq. (2).

These observations suggest that high-temperature creeplof_this dispersion



-~10-

strengthened steel is controlled by some modified dislocation-climb
mechanism having a slightly higher apparent.acﬁivation energy than that
for self diffusion. On this basis it is reasonable to assume that, in

complete analogy to Eq. (1),

R -f§ékT S A(.l)n . (4)
DGbe_(HC/RT) ¢ | :

where n = 6.8 and He is;an extra enthalpy'of-gcﬁivation for'creep.

- The agreement between the diétateé ofvK;:(h) énd the experiméntal
data wiil'nowvbe investigated:_‘fhe effect of the stress on the secohdary-
creep rétg, vide Fig. 5, is satisfied by Eq. (h)'and the major remaining
issue éonFerns_agreemént with the apparent activation ene?gy for steady-

state creep, namely.

fowmy, | | o vem2 [t
e o _'9imD - S {n-1)RT" 3G\ ,
% BCIRD )T a(-17mm RT - —% (aT - )
where the term.:

w0 e

o qi/E f;;ny”
is the enthalpy for éelf diffusion.:. To make -the comparison, Eq. (5)

will be rewritten ast

Gk o— o . oo el

where HD +'Hc is the total true activation eneréy for crééy,.Hf.
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Lackingfdirect experiméntal evidence on,tpe variation of the shear
.modulus of elasticity of the sfeel in question with.temperatﬁre, this
factor.might.be abproximéted in terms of the data reported by Axel Fuchéll
and shown in Fig. 8 for an Fe-L wt% Mo‘alioy...ihen.the last term on the
right of the equality sign whiéh.always has a.negati#e,ﬁalue is calculated
taking (n—i) = 5.8 from.the étress law. The sum of ‘the ﬁhreé terms on ‘
the right of the equality sign is shown by the curve marked Hy in Fig. 9.
Although the activation enthalpy for diffusion is not known for this
alloy, it cannot différ,much from that:forvself,diffﬁsioh'in o-Fe. Lsi
and BorglO havé shéwn‘that fhe self;diffﬁsifity in g-Fe ié givén fo ‘

within +6% by

ORI ' SR I 'y
1D = 3.225 - 22893230 0363 mann 3{ 20— - 0.81]  (8)
Introducing this value into Eq. (6) gives the curves marked Hy in Fig. 10..
The difference HT - HD”ﬁ Hc.isAreasonably constant independent of tempera—

ture and amounts<t6 aﬁoﬁtli33000‘cél/mole as sﬁowﬁ in Fig. il. Con-
sequently the_forﬁuiation_given by:Eq._(njvis in excelléﬁt agreémént
with all of the known,eX§erimentalifacfs. o |

In summafy, all of the experimgntél data ére plottéd in Fig. 12 in

terms of ‘the dimensionless parameters.

YT
(-Hc/RT)

_and 1/G. These data might be compared with
DGbe - R . -

.

similar data_fof ufFe8 also shbﬁn in the same figure (12;b)
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At (T/c) = b x 1o"h from Fig. 12

_YlkT

DGlb

for o-Fe =547 x 1070,
§2kT o E ,.';8
e~ 13,000/RT for the Mo-steel =2.15 x 10

DG,

Y, for the Mo steel G, . 2.15 x-10‘8 e-13,000/RT

. . e , | (9)
Yy for o-Fe % 57y 070 |
; , v _ E
At 965.0° (1/G) for the Mo-steel  =.8.9 x 107" and
At 963.0°K '(r/é)f for a—Fé = 2.4 x‘lo‘h,

ﬂhe temperatﬁre T may therefore be takeh approximately 96L4.0°K so from -

Fig. 8

G for the steel = 5.32 x 101t dyne/cm?

G for the g-Fe 6.01 x 10M% dyne/cm?

by substitution in Eq. (9)

 &2/§1 * 3.9 x 1O—h;
.therefOre'the Mo—épheroidized steel is more creep resistance than aéFe;
yiéldiné.a creep rate neérly four orders of magnitude lower than that
for d—Fe ﬁnder similar conditions. Most of this strengthening effect
comes from the‘exﬁré enthalpy of activation (13,Kcai/m§le). Figure 12
proves clearly that Eq. (b) is applicable and that the factor-A is

temperature independent. In addition it gives a slope of 6.8, the value

experimentally deduced,
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V. CONCLUSIONS
1. The creep behavior of Fe - Wu% Mo, 0.2wfC, 0.50w/Mn’ sphercidized
steel from 875° to 1075°K obeys the emperical relation:

VKT 2 (T/G)6'8'
e—.-HC/_RT

N

DGb

where: +y_ . is the Secondéry creep réte,
A~ a constant independent of temperature,
T the applied sheaf stress,
G the shear modulus,
‘ | D the self diffusivity of ¢g-Fe,
b fhe burgers'Qectof
k  Boltzmann's constant,
RT thé gas constant times the absolute teﬁperature
and H is the differénée between the activation.enthalpy for creep
of the steel and that for self diffusion‘of o-Fe, which is
temperature and stress independent.
2. The anomalous increase énd then decfease in activation energy wifh
incre;sing temberature over the range of magnetic‘transformation is in
good agreement with the kﬁéwn deérease in the free energy of activation
for diffusion of'a—Fé.v
3. Over the investigated.temperature range, the creep beﬁaviof of the
Mo-steel was found to bé in égreement with ciimb méchaﬁism, and fhe éxcess
value of the apparént avtivatioﬁ'ehergy for creep above ﬁhat fof a-Fe
might ariée from dislocation substructurai-features in the dispersion

strengtheﬁed steel.
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FIGURE CAPTIONS

Microstructure of the alloy.

Geometry of the test specimén.

Typical creep strain vs time,

Typical creep rate-extension curve under cyclic stress

condition foryuéeuin the evaluation of stress dependence.
Effect of_étress-on the-secondary_creep rate.

Typical creep—rate—extension‘curve under cyclic temperature

- condition for use in the evaluation of Qc.'

Apparent activgtion.energies for creep as a function of absolute

temperature.

- Effect of temperatﬁre-én'the"elastic-mOdulus.

Apparent actiﬁﬁtidn enefgies corrected for changés_of shear

modulus as a-fuﬁction of temperature.

Témperature:dependence of activation énfhalpy-of creep for‘the
_spheroidized steel, and that for self diffusion of o-Fe.
, ValueSLQf;Hc.

Effect of G,D;T_and b'on'thé seéondary creep rate of the

spheroidizéd steei ahd.qug,
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250x -C -

a. after quenching
b. after spheroidization
c. after creep at 952°K

XBB 6812-7413

Fig. 1 Microstructure of the alloy
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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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