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STRAIN AGING OF IRON ALLOYS

Raymond Andrew. Busch
Inorganic Materials Research D1v151on, Lawrence Radlatlon Laboratory,
Department of Mineral Technology, College of Engineering,
University of California, Berkeley, California

ABSTRACT .

January 1966

The strain aging of iron molybdenum.and iron chromium molybdenum
alloys has beeh investigated. Large strengthening effects are observed

in both alloys during strain in the L00-500°C range, and in the room

temperature properties after this strain. The veriation_of these effects

with impurity content in the iron molybdenum-elloy indicates that inter-
stitial'solutes are not respohsible for the strengthening. The aglng
of spec1mens strained at room temperature obeys an actlvatlon energy

of L2 kcal/mole and t 2/ klnetlcs. | | | |

,Thls behav1or is’ 1nterpreted according to the Cottrell—Bilby'model

" for strain'agihgog The data indicate‘that a similar process'occurs during

strain at,higher temperatures, which requires the existence of strain

enhanced diffusioh. The magnltude of thls enhancement is estlmated as

"~lOO, i.e. the dlffu51v1ty durlng deformatlon under these condltlons 1s
.Iabout 100 tlmes greater than'the normal'd1ffu$1v1ty,at the same‘tempera-

. ture.



I. INTRODUCTION

~ When certain alloys ére blasticaily strained and aged'at a sufficiently
'high température, they exhibit changes in physical éroperties which.do
notloccur after either straining or aging alone.” The combined process

Cis réferred'to as ”St:ain aging". Except in a few simplified casés,lthe

" mechanism reéponsible:for the property changes is unknown; ' The phenomenon
is of fundamehtal interest since it involves thelfiné-scale interactions
' béfween soiute atoms and disloéations; it'is_also}technologically imporfant
due to the property changes, as will be seen below;

Thé strain aging‘bf~steel has been the‘subjgét of numerous‘invesﬁiga-
_ tions &uring the last twénty-five years. Much of this wbrk has been
- done with mild steel (ifon éontaihing'about 0;05% carboﬁ) where the
‘main effect of strain aging is the reintroduétion of the sharp.yield
drop and the aSsoci;ted non-uniform deformatioﬁ. Since these characteris-
tics impair forming operations, attention has been directed toward in-
-hibitiqn of the process. An extensive review of this work has been
publishéd by Bair’d.l |

More recently it has been found that in higher carbon and,alioy
steels, strain aging raises‘the entire stress-strain Sﬁrve. This has
led fo in&estigation of .strain aging as a.strengfhening mechanism;
particulariy in marfensitic alloy steels, but also. in ferritic steels
intendéd for elevated temperature service. In the lafter cdnnection‘it
should be pointed‘out that ciassically, strain agiﬁg has referred to
» straining (ﬁsually at roomvtemperatgre) followed by aging at some
 higher temperature. Strengthening isvaléo obtained.if strain,is‘intfo-'

duced at an elevated temperature, so that straining and aging occur
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simultaneously. The former process is referred tg as "static strain
aging'", the latter as "dynamic strain aging.” Three investigafions 
reported in the literature serve to illustrate the difference in-
properties obtained By the two‘processes.

~ 'Stephenson and Cohen” studied the static strain éging of AISI Lk3Lo, -
which is essentially a chromium-molybdenum steel, in the quenched and
.tempéred condition. Specimens were strained in teﬁsion, aged at &arious
temperatﬁres,‘and then tested at room temperaturé. Large *(~ M0,000 psi)
increases 1n yield strength and decreases in duct;lity‘(as measured by
pergent elongatibn) were obsefved. Except for specimens‘which weie
aged at temperatures_high enough to remove the sérengthening effegt, the
‘strain—aged'material exhibited mechanicél instability - i.e. neckingv
began at the yield éoiht and ;ubsequent deformaf@on occurred under a
falling stress. The authors bointéd out that this circumstance made
it impractical to utilize the strength increases obtailned.

Goel, Buséh and Zackay studied the static and -dynamic stiain
_ aging'of H—ll,'a chromiumfmolybdenum-Vanadium steel similar in carbop
 content to AISI L340, Static strain aging produced results similar to
those foﬁnd by;Stephehson and Cohen. Dynamic strain aging, followed by
a 900°F aging treatment, resulted in similar strength _increases while
maintaining stable deformation and most of the priginal ductility,
except for specimens strained in the "biue bfittle" range of 400-600°F.
The latter spegimens exhibited mechanical instability.
Petersénh>studied nominaily plain carboﬁ ferritiéapeaflitic

‘stéels’in ﬁhe 0.1 to 0.8% carbon range (the steels also contained
significant amounts of manganese and nitrogen). Sﬁrain‘was introduced - A

by drawing at various temperatures., He found‘that:

W v'

<



-studles,-

ieffects. -

1. Dynamic strain aging produced,greater strengthening with smaller
loss in duetility than'static strain aging; | |
'25 The strengthening produced by dynamic strain aging was independent.
of carbon content over.the entire range studied, while that produced by
static strain aging was,direetly'proportional tovthe carbon content. The
dynamic strengtheninétwas related to the nitrogen centent. |

.~ These experiments suggest.that the two types of strain aging involve

qualitatively different strengthening mechanisms. In particular, the

: nitrogen dependence of the dynamic strengthening in Peterson's alldys
. whlch contalned apprec1able manganese, suggests that substltutlonal solutes
'may have an 1mportant 1nfluence under dynamic conditions. Manganese

‘1nteracts strongly w1th nltrogen, as has been shown by internal friction

5

but 1s_not a strong carblde:former. Thus the dbserved dependence'

- of nitrogen may be due to{a'manganese—nitrogen effect.

Glen6‘hasvpreposed on the basis of tensile properties of steels

fcontalnlng carblde formlng elements, that carblde pre01p1tatlon durlng

'elevated temperature testlng is, respon51ble for the observed strengthenlng

[

.Bairdl has proposed & meehanismwinvolving the binding of stubstitu-

ve‘tional'atoms to carbon or nitrogen atmospheres formed” around moving
'dislocations. Ardley and Cottrell7 have proposed the direct formation

- of substitutional stmospheres on the basis of experiments with o brass;

and Cottrell8 has attempted to explaln the Portev1n Le Chateller effect

in aluminum alloys on the same model.
i

Since. ‘the normal bulk difquivity of substitutional atoms at the

,straining temperatures concerned is too slow for the solute to either

diffuse with moving dislovations or move over sufficient distances for
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:.precipitation effects to become important during sﬁrain,.the mechanismé
meﬁtiéned abéve all require the existeﬁce of a strain enhanééd diffusién
~effect.. |
Two theoretical trgétméhts éf strain enhanéed diffusion have been
'bublished. Both apply to the high temperature, low strain ratevregion
(é.g._creep testing); no treafment for the,lpwer temperature,'high‘strain

9

rate région has been published. Baluffi and Ruoff” have considered the
possibility éf enhanced -diffusion due to non-equilibrium vacancy chcen?

_trations and have concluded that no appreciable diffusion enhancement

should occur. Romashkinlo cohsidered the same mechanism and predicted
- enhancements of seﬁefal,orders of magnitude under favorable conditions.
The expefimental evidence for‘strdin enhanced'diffusion is also

controversial. For example, Hirano et al.l; found enhancements of up to

a factOr:of 3000 in irén, Lee and Maddinle and.Forestiéri and'Gii;ifalco15
réportéd enhaﬁcements of abouf 100 in silver and Wazzan et_al.lh_reported
. an enbancement of 30 in nickel. On the ofher hand, Darby et al.ls‘found
"no significant enhancement ih silver,vaﬁd similar resuits have been ob-
tained b& Chollet etval.l6 in iron-nickel, Peéréon(et al.l7 in
aluminum;zinc, ana Savitskii;8 in iron. ‘The teéhniqﬁes used in most of
these experiments have involved direct determination~9f theﬁdiffusivityb
of éolute or tracer atoms, and thus are limited to highér temperatures
and lower Stfain rates than those of interest in strain aging. - The
étudies which have involved the effect of strain oﬁ tempéring reactiqns
have also been‘éonducted under the former cdnditions, and are aléo in

conflict with each other. 9?20

The enhancement, when observed, increased
with increasing strain rate and decreasing temperature, which suggests

that the effect may be important under dynamic strain aging conditions.
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At étill ;owér temperatures, the normal diffusivityvis so small that
segregation effects would not be important even in ﬁhe presence of 2
large diffusion enhancement.
The impoftance of substitutional solute diffusion arises from two
Aféétbrs. First, it is the rate controlliﬁg process in the growth of
. carbide or nitride precipitates, since it is many orders'bf magnitude
smalier than interstitial diffusion. Second,iit may control the nucleation
of precipitates. 'Honeycombeiel xeported-finding'cluéters\of molybdenum
'and vanadium in alloy steels prior to the detecfion of. ca.rbides.;e Thus;
enhanced substitutional solute diffusion may‘inqreaée both the nucleation
and growth rates in tempering reactions. |
The présent work was cohcerned with thé behavior.of substitufional
solutes in iron'during strain over a range of temperatures. :The primary
goéls were to learn Whéther these solutes produéed strain aging effects
in the absence of interstitial'impufities; and to rélate suchAeffecté
to the queétion_of strain enhanced diffusion. The findings would then
be applied to the strengthening observed in dynamically strain aged alloy

steels.

o ‘ . . .
Recent private communication indicates that later results have
raised doubts about this finding.

s
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II. PROCEDURE

A. Materials and Specimen Preparation

The élloys studied were preparéd from high purity iron, chromium,-andf.
molyﬁdenum. The processingrand analyses of these materials are indiéated
in Table I. Alloys we;e melted in a cola hearth system similar to that
. described by Berghezan and Simonsen.22 An iron rod was held horizoﬁtally
above a water cooled coﬁper hearth. The rod was grooved so that it could
‘be used as a container for the alloying elements'which were gdded as
.small fragments, Ali materials were etched, rinséd wi%h distilled water
followed by ethyl alcoﬂol, and dried before use. The system was evacuated
to ~lO—6‘Tofr and béckfilled with an argon -10% hydrogen atﬁosphere. Thé.
argon had.been purified by passage through titénium spoﬁge.maintained
at 800°C; the hydrogen was pﬁrified with a comﬁerciai palédium diffusion‘

-~ unit. Melting was effecﬁed By‘passing a "pancake” iﬁduction coil along
the length of‘the rod. The ingot thus produced was inverted and remelted .
in the.opposite direction to obtain a smootﬁ homogeneous ihgot. No |
segrégation was detectable metallqgraphically.

Ingots were cold rolled to 0.010-in. thickness with intermediate
- anﬁealing which was performed in‘a‘dynamic vacuum of ~lO-6 Torr.. Wheﬁ )
reduction was completéd, thé mafériél wa.s sheéred.to“gtrips about 2;in.
long and 0.070-in, wide and éubsequently recfystallized at‘850°C.in
,vaéuum and furnace cooled..‘Specimens.preparea in this‘mannér were
designaﬁed FeMo-TI and FeCrMo; final compositioné and grain sizes aie ' A | ‘@
givgn in Table IT. o

One group of FeMo-I specimens was annealed at 850°C‘in flowing .
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- moist hydrogen for 2& hours and furnace cooled -These Specimens were

de51gnated FeMo-II, A.second group of FeMo~T spe01mens, together w1th

-.pure‘iron specimens, was annealed in rec1rculat1ng hydrogen in a closed
- quartz loop. One leg of the loop was surrounded by a resistance furnace,

~ and contained the specimeﬁs and zirconium hydride particles. The hydrogen

was repurified on each passage over these particles; it then passed over

- the specimens. This apparatus is similar to that described by Stein and

2 ' ' : '
Low 5 except that convection currents were utilized instead of mechanical

pumping. This .effects considerable simplification at the expense of an

unknown flow rate. The treafment’was carried.out for 350 hours aﬁ
850°C, the speciﬁene were theo furnace,cooledf JIhe iron-molybdenum
alloy exhibited a high (40,000 psi) yield strength after this treatment.
Metallographic examination revealed a precipitate which was not presen£
in the iron specimens. Microprobe analysis,ehowed that this precipitete
did not contain silicon or zircornium. Annealing the specimens in vacUum
at 850 C removed the prec1p1tate and lowered the yleld strength to .
23,000 psi. The specimens were used in this condition. Tt is belleved
that the precipitate was MbHé, since hydrogec wes the only other element
available'in significant quantities in the purification loopf The

materials produced are labelled FeMo-III and Fe in Table IT.

B. Apparatus and Testing Technique

, .A tensile machine capable of testing specimens in a vacuum of < ]_O"5

Torr at temperatures up to 600°C was constructed. Rapid heating rates

were attained without specimen contamination by a movable furnace within .
the vacuum chamber, shown in Fig. 1. .The furnace was brought to the
desiredftemperature in a position remote from the specimen and held until

a vacuum of ~]_O—6 Torr was attained. It was then lowered to surround
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,ﬁhe<specimen, bringing the latter to temperature equilibrium within 3
mihutes. ‘The pumping speed was adeguate to maintain the vacuum below
"ZLO_5 Torr dﬁring this period, due to the small additional surface area
" heated. The specimen was extended the desired amount (usually 2%) at a

L

rate of 7k1of sec-;,'unloaded,'and then cooled by raising the furnace.
‘fhe initial cooling rate (to abeut 200°C from a 600°C test temperature)
was raﬁid (10060 min-l) however subsequent'cooling wa.s quite.slow.‘»Possible
effeets'of this cooling will be considered in the discussion. |
Specimens were finally extended several percent at room temperature
- to determine thebresponse to strain aging. Specimens intended for

estrucfural'studies‘were only strained enough to measure the yield strength,

i.e. about 1/2%.

C. Static Strain Aging Kinetics

Kinefic data were‘obtained on specimens streined et room temperature
"and then aged fo; various times at several temperatures. The.aging .
response ﬁas determined by room temperature tensile tests. Siﬁilar daﬁa‘
“for the dyﬁamie strain aging process weie not obtained since the time
could not be varied indepehdently ef'the strain or'strain rate, |

Two methods of aéing were used, At high temperetures,.where the
times of interest were too shoit to permit the use of”the vacuum chamber
ip.the tensile mechine, specimens were strained and then ehcapsulated
Jin evacuated:Pyrex tubes. ‘These were immersed in an automaticaiiy
controlled ealt pot, aged, and water quenched. At the two loﬁer
tempefatures, the vacuum chamber was used since the heating and cooling

times were no longer important relative to the total aging time. Spot

checks of the longest times of each of the higher temperature runs
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were made by the second method, and they gave results similar_to_the

encapsulation method.
| D. Microscopy

The structure produced by straining at selected temperatures were
examinedAby electren.transmission microscopy. Due to the small.area of
the specimens, the usual window and_Bollman polishing techniques ceuld

not be used; it was necessary to use a modified Heidenreich technique as

described by Dewey and Lewis.2u The specimens were lightly polished

mechanjically to remove surface irregularities due to Luder's strain
and then mounted in a Teflon holder. The hol@er masked the specimen
eXcept tor a cilrcular area about the size of the aperture in the micro-
scope stage. ‘This‘area'was electrepolished on alternate'sides until a

small‘hole was observed through a low-power telescope. Under the proper

polishing conditions, the bornders of this hole contained regions thin

~ enough for observation. An acetic acid ~ 10% perchloric acid electrelyte

was used at 35'volts;'this produced a current density of O.1 amp/sq'em.

| III. RESULTS

The'principal.experimental results of this investigation are the

L]

7ten51le propertles obtalned durlng prestrain at temperatures from 25 to

- 600° C and at 25° 20 after prestraln at all temperatures. These results

are shown in Flgs. 2~ h whlch are plots of stress VS, prestraln temperature.

EThe two lower curves in each flgure represent the stress at the indicated
',stralns (O 2% and 2. O%) durlng prestraln. The top curve . represents the
,yleld strength (stress at O. 2% straln) at 25° C after: prestraln.- The

‘ data for FeMb-I are shown in Flg. 2,»FeCrMb in Flg. 3, and Fe in Fig. k.

vy T
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The outstanding features of the alloy curves are the broad maxima in
both prestrain and room temperature properties. The pure iron exhibits
no such maxima. The small irregularities in the curves for irdn may not.
be significant, since they are within the estimated error in stress
measurément of £500 psi. The alloy maxima are several times lérger than
this value, indicating that both alloys exhibit dynamlc strain aging.
..To determine whether this effect was due to the 1ntentlona1 alloy additions
or impurities, the iron molbydenum alloy was-purified by annealing in
hydrogen. The results of tests on the FeMo-ITI and III samples are shown
in Figs. 5 and 6, where the coordinates and curves have the same signifi-'&
cance as Figs. 2-k. it is seen that the 500°C maxima in prestrain and
room temperature properties is étill present,

The strain aging response of the various materials studied is shown
~in Fig. 7; The index used, A o, is the difference between the,observéd -
yield étrengﬁh at 25°C after prestrain at temperature T and the flow
stress observed at 2% strain at 25°C.' This index measures the aging;  1
_ résponée against a zero-aging criterion, since a specimen which exhibited
no aging (or recovery)»would have a yield strength exactly equal to the
- flow stresé af the completion of érestrain. The index has the'disadvantage
' that each value of A ¢ involves the compérison'of a spécimen with a
reference specimen (actualiylgn average of several gpecimens) and %hus
any Variation~among specimens shows up as scatter in the aging response.
 waever, the indices which determine the aging respénse with two stress ) o
meésurements on the same specimen are only applicable when straining

and aging do not oceur 51multaneously.

" Referting to Fig. 7, it is seen that the‘strain aglng response of

FeMo~III is similar to that of Fe up 0 300°C, but onl& about 16% 1es$ ’ “,’
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thanlﬁhat of‘FeMo-I‘above this temperature. Purification_greatly ieduced
the - low temperature response and decreased theAwidth of the feak at higher
temperature as well as shifting the peak to slightly 1owér temperature
(475 vs 510°C). It is also noted that thé-lower temperature response of
the FeCrMo alloy increases approximately linearly with temperature, in
.contraét to the FeMo alloys; also the peak réspohse occurs at a lower
temperéture (AOO°C vs 475 or 510°C). |

In Fig. 8, the rate of strain hardening during prestrain is plotted
against the presﬁrain temperature. The strain hardening rétes increase
smoothly witﬁ ihcreasing temperature and reach maxima at temperatures
correspondihg ﬁo the peak strain aging response for each alloy. Pure
iron exhibits an approximately constant strain hardening rate over the
temperature range investigated.

A1l specimens exhibited some degree of Luder's strain during prestrain.
The severity of this effect did not vary consistently with the straining
temperature, but waé generally_lessgin FeMo-III than in-thé less puré
FeMo spécimens or in FeCrMo, The effect was smallest in the pure iron,
.being visible only under a hand lens (in the oﬁher alloys it was visible
to the naked'eye). This ILuder's strain ﬁés never accompanied by serrated
~ yielding. However, a "stair-like" curve was observed in speéimens
‘ éxhibiting a high degree of Iuder's strain.

The alloy speciméns showed a yield elongation of up to 1% uponv
stxaihingvat foom temperature followihg prestrain aﬁ higher témperétures.
- The amount of this elongation was not reproducible in‘speciméns prestrginéd
‘ at'(approximately) the same temperature, and did not’apéear to be related
to the strengthening obtained, No yield point load dropé weré obsérved

‘under any conditions.

S



» | o | .

Measurements of the static s£raiﬁ aging response'(prestrain at 25°C
followed by aging gt higher temperatﬁre) of FeMb-I were made in o}der to
obtain the aptivation ehergy for the aging process. Thé respohse is |
shown in Fig. 9, wheré,o/ob, the ratio éf ﬁhe yield>stress after straining -
2% and aging at the indicated temperatures to the flow stress at 2% |
strain is‘plotted égainst aging time. It should be noted that initial
softéning (ratio < 1.0) occurred at 510 and 558§C. The time to reach
50% of the maxinum value of the ratio is plotted on a logarithmic scale
vs 1/T(°K—l) in Fig. 10, from which an activation energy of L2 kecal/mole
is Obtained, excluding the points fepresenting the aging treatments which
resulted in initial softeﬁing. |

‘The data of Fig. 9'are'plo£ted on a log-log scale in Fig. 1T
(c/do - 1) is used as ordinate rather than c/co due to the log scale)
in order to determine the fbrm_of the time dependence. The straight
lines indicate:a péwef law, i.e. ofo - 1 = At", vAfvthé two lower
temperatures, n is about 2/5;'atbthe>higher temperatures:n =~ 1.0.

Representative eiectrén tranémissionvmicrographs of FeMo-III specimens
prestrained at 500 and 2560 are‘shown in Figs. 13% and 14, respectively.
The highbtemperature strain produced alsignificantly higher dislocation
density. Tﬁe dislocations are arranged in dense tangles rather than the
more uniform distributioh seen after prestrain at 25°C; The dark spots
éeen in Fig{ 13 are believed to result from surface contamination of the
foil, sinée no rings or streaks were observed in the diffraétion pattern,
‘as would 5e expected if the spots were second phase particles. Attempts
to clean the foil resulted in the loss of thé thin areas suitablg for

electron transmission.
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IV, DISCUSSION -

The results obtained with the pure iron will be considered first,

since they form a base from which to study the alloys. Analysis of the

“results will then be applied to the mechanisms of static and dynamic

strain aging. In connection with the latter, the question of strain
enhanced diffusion will be discussed. Finally, the strengthening produced

by dynamic strain aging of alloy steels will be considered in the light

of the results obtained in this investigation.

A, Pure Iron
The pure iron specimens exhibit a smoothly deémeasing yield and
fiow étress with increasing temperature, and a nearly constant rdom
temperature yield strength after prgstrainvat the various temperatures.

This behﬁvior is that expected for a non-aging material and can be under-

stood in terms of the.structufal studies reported by several workers.

These studies have established‘that the dislocation density produced by

8 given amount of stréin decreases as the temperature of the~étrain increases,
at the séme time the minimum strain required to produce a clearly defined

' 25 ' 27

and the resulting cell diameter increases.

Hence, comparing iron deformed a few percent at room temperature with

‘fhat deformed at hOO-500°C, the former would have a higher dislocation

density, with dislocations more uniformly distributed (less tendency

for cell formetion), while the latter would have its lower dislocation

'density arranged in tangles, which would become the cell walls if the

strain was adequate. In terms of the room tempefaturenstrength, these

factors oppose each other; that 'is the strength decreases as the dislo-

. cation density decreases,25 but an additional strength is derived from . -

25,26
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‘the formation Qf dislocation tangles or cell _walls.27 ~Thus et least

for strains less than 10%, a relatively constant room temperature yield

strength-is-expected. The limitation of the amount of strain arises from

_ that fact that a cell structure is introduced at room temperature at

about 10% strain,25 and the size of these cells is less than that formed

at higher temperatures. 6 The strengthening due to.the presence of a

27

cell structure is inversely proportional to.the cell diameter ' thus

both factors would favor the specimen deformed at room temperature, and
the yield strength after prestrain would be expected to decrease with
increasing prestrain temperature. .

There are two slight maxima in the room temperature yield strength

‘(see Fig. 4) which occur at prestrain temperetures of 150 and 450°C,
_These maxima, are not mucn greater than the experimental scatter, but

. may nevertheiess be real. Interstitial impnrities‘(~20 ppn C+IV) could
:-produce the lower meximum, while residual substitutional impnrities

could cause the one at higher temperature, The relation of such maxima

to solutes will bevconsidered in relation to the results obtained on
the alloy specimens.

B. Iron-Mblybdenum Alloys

All three iron-molybdenum alloys 1nvest1gated ‘exhibit a s1gn1flcant

response to strain at elevated temperatures, both during this strain and

in the room temperature properties after this strain, Figs. 2-7, Although

- no previous experiments have included the room temperature properties,

6,33

the prestraln data mey be compared with that reported by Glen for a

'variety of ferritic alloy steels and by Baird and Jamieson28’for iron

manganese plus carbon or nitrogen. - Glen reported peaks in the L00-500°C
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range in all allo&s investigated; he also observed peaks at lower
temperatures; He ascribedjthe high.temperature peaks to the formation
of alloy carbides during strain, while the lower temperdture peaks Werel
attribﬁted to theAprecipitation of iron carbides. No thin foil studies
ﬁeré performed to check thess assignments.

Baird ana Jamiespn28 Observed a large ks50°¢ peak in iron manganese
nitrdgsn alloys, a smaller peak at 500“C in carbon contaihihg alloys,
and no peaks in iron or iron manganese alloys. No mechanisms were proposed
for thé high temperature peaks; however, it was pointed out that 1f alloy
carbide or nitride precipitation wers responsible, the peak temperature
should bevﬁhe same in both cases, since the diffusion of manganese would

be the rate controlling step. In a later investigation of the iron

manganese nitrogen system by electron microscopy, Baird and MacKenzie26

observed higher dislocation densities in specimens strained at 450°C

-than those deformed at room temperature, but observed no precipitate

~either on dislocations or in the matrix in either case. Theywattributed

the high dislocation density to interactions between the solutes and

dislocation during strain.

Comparison of Glen's results on molybdenum steels with those obtained
on the low carbon alloys used in the present experiments suggests that
molybdenum prodﬁces a strain aging effect when present ss ths only solutey;:
i.e. alloy carbide formation is not an essential part of the strengthening
mechanism, although it.may'account'for the larger effects seen by Glen
than were observed in the present work. The experimental sui)port for

this hypothesis will now be considered, after which the absence of a

- strengthening effect in iron manganese alloys will be discussed.

-The principal evidence that molybdenum is reponsible for the observed
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strain aging is the fact that the aging response vﬁried only slightly
(sbout 16%) as the carbon level was decreased from 70 ppm to less than
10 ppm, If the aging effect were due to éarbén acting either by'itself- -
or in conjunction with the molybdenum a much greater variation Qould have
been observed. Such'variation is seen in"the low temperature portion of
the stress vsrtemperature plots (i.e. 75-500°C), wﬁere'the response de-
creaéed by about 65% as the carbon level was lowered from TO to < 10 pbm..
Secondly, the activation energy obtained for the static strain aging
précess was hé kcal/mole. Carbon diffusion in @ iron has an activation

29 30

energy of 20 keal/mole, énd nitrogen about 18 keal/mole,”” whereas

the diffusion of substitutional solutes‘is generally characterized by

an activation'energy of 57-60‘kcal/mole. The difference between the

observed value and the higher 57-60 kcal/mble value will be considered in

the next section; at present it is sufficient to note that the temperature.

dependencé is at least twice as great as expected for carbon diffusion,

- thus indicatiﬁg that the diffusion of molybdenum must be rate‘contfolling;
The fact ﬁﬁat moiybdenum diffusion is rate controlling does not rule

out the‘possibility that.carbén enters into the strengthening mechanism

- through the formation Qf molybdenum éérbide; Alternati&ely, durihg

“ dynamic strainlaging the mobility of carbon atmospheres, which some

51 indicates are stable up to 500°C, could be reduced by

evidence
molybdenum atoms, which would be a@traefed t0 the high local éérbon concens
tration.. The latter mechanism will be considered iater, whgre it will

" be shoWn that it is not likely to be importapt in the present experiments.
Formation of molybdenum carbide in amounﬁs sufficient to cause the

strengthening is also improbable, at least in the high purity FeMo~III

' (< 10ppm C). It must be remembered that these alloyé have been furnace
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cooled from 856°C. This treatment allews emple-diffusion for the combination
of molybdenum With most of the carbon, removing it from solution. Thus
the amount of carbon available for strain aging effects should be small.
This ie verified by the absence of serreted yieldiné during strain in
the‘i50-250°c range, and the absence of sﬁrengthening or yield point drops
affer'etrain in'this temperature range, all of which are observed in iron
carboe alloys.lL? It is concluded that the molybdenum is responsible for
the strain aging. |

'The absence of a strain aging effect in Baird and Jamieson's iron
mahnganese alloys can be explained on the basis of the different properties
of the two‘solutes. Molybdenum has a larger atom size misfit than manganese
and is a much:more effective solid solufion strengthener. These proper=-
tiesvindicate that molybdenum has a much greatef interaction with dislo-
' ~cations, and'eo might be expeeted to show_strain.aging directly. Manganeee,
due to its smaller interaction with dislocations, can only influence strain
aging through an interaction with another soiute, the lattef'(carbon or

nitrogen) providing the necessary strong interaction with dislocations.

C. Iron Chromium Molybdenum AlleyS'

The fesﬁlts of tests on the FeCrMb.alloy are in general similar to
those for the FeMb allqys. There are, however, two significant
differences. First, the lOW'temperatﬁre (25-300°C) response‘increases
approximetely linearly withvtemperature rather‘than forminé either a
plateau as observed in.FeMb—I or a censistently low level of eging‘as in
FeMb-iII. This behavior can be explaiﬁedﬂon the basis of .chromium
being a sﬁronger carbide fofmer and a much stronger nitride fofmer then

molybdenum, This factor plus the high concentration of chromium (5 a/o)
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would be expected to lead to a more. complete removal of carbon and hitrogeh
from solution than occurs in the iron molybdehum alloys. The aging due

to these elements, which is normally observed in the low temperature

. region, is thus eliminated leaving the lewer part of the substitutional

[

peak clearly visible.
The second difference is the lower peak temperature in the FeCrMo

alloy, (k400°C vs h75-500°C in the FeMo alloys). This observation is con-
) - .

" sistent with the observed effect of chromium edditions.on the temperature

of the'secondary‘hardening peak in moiybdenum steels.ae‘ It is interesting
to note that Glen” - found a maximum in the flow stress of a chromium

steel at 400°C, which suggests that the chromium is producing the peak,
rather than lowering the temperature of the molybdenum peak, This
behavior is unexpected, since chromium has a small size misfit in the

iron lattice, and so would not be expected to-interact strongly with

dislocations. A possible explanation is the existence of a non-equilibrium

interaction between chromium and molybdenum, but no evidence for such

~an interaction has been observed.

D. Strengthening Mechanisms in Static Strain: Aging

The time dependence of the aging response was determined from the

data previously used to establish the activation energy, and is shown

in Fig. 10, The ratio of the vield stress after aging to the flow stress

'at the completion of prestrain, minus one (due to the logarithmic plot) S

is plotted vs log fime; It is seen that at the two lower temperatures,
350 and 37550, a (t)e/5 dependence is indicated. This time dependence

is predicted by the C‘ottreiL-.'L-Bilb,‘y}l+ model which also predicts that the

..associated activation energy should be two thirds of the activation energy

for diffusion of the solﬁte causing the aging. These fractional values
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arise from the fact that a solute atom moves along a path perpendicular
to the equipotentigl lines of the hydrostaﬁic component of the dislocation
stress field. The equipotential lines are of the form

r
- sin O

i

= constant

where r is the radial distance from the dislocation core to the solute
atom, @ is the angle r makes with the slip plane of the dislocation.

Solute atoms then move along paths of the form

Byjsolving the diffusion problem in a coordinate system with axes
n, &, Cottrell and Bilby showed that the number of atoms arriVing at unit

length of dislocation line in time t was proportional to

(ADt /3

;_where A is the interaction coefficient between a dislccation gnd a solute
'atom of volume misfit AV, D is the diffusivity of the solute,'k'is
Boltzmann s constant, and T is the absolute temperature, °K.

Assuming +that the strength 1ncrease due to aglng is linearly related
to the number of atoms arriving at dislocations, it is seen that an
‘activation energy of two thirds the activaticn energy for diffusion of

~ the solute is predicted, since

02/3 _ 2/ "2/5< o

0
The obsei'yed activation energy, W2 kcal/mole, is frery nearly eqp.a.l
‘ to two thirds ﬁhe_activation energy for substitutional_diffusion in o |
" diron (57f601kcal/mole). The t2/3 time deéendence is also observed, hence .
vit.can‘be concluded that, at least for tne lower femperatures.investiga?

ted, the_Cottfell-BiIby mechanism 1s responsible for the static strain
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aging. The reason why the t2/3 time dependénce:is lost at the higher
temperafures is nét clear, but perhéps the loss can be ekplained on the
baslis of the simultaneous reco&ery fhat becomes important-in this case, -
At still higher témpératures (500 and 550°C) this recovery is sufficient.
to cause initial minima in fhe strength vs aging time éurves, and thus
give a decreasing,and, ultimately, én apparent "negative" activatidﬁ
energy.

The conclusion drawn above (that the Cottrell-Bilby mechanism is
resgponsible for static.strain agihg) only épplies tb the rate controlling
part of the process; For example, once atoms have diffused to dislocations
and formed atmospheres,‘these atmospheres may break up into individual
clustefs by diffusion along the dislocation, a préceés expected fo be
considerably more fapidzthan diffusion to the dislocation. The data
presented gives no infoimation on.this possibility, since the atmosphere

effect is expected to be large enough to account for the observed strengthening.

E. Dynamic Strain Aging

If fhe mechénism of_dynamié strain aging were thévsame as £hat‘of the
static case a strain enhanced diffﬁsion effect would be‘demonstrated,
. since aﬁ equai Oor greater response is attained in much shorter times,
However, complicating factors arise, in particular the possibility that
other mechanisms contribute to the strengthening in thé dynamic case. For

35

example, Leslie and’Keﬁ have reported aniincreased diélﬁcation density
in iron-carbon allo&s strained at 200°C (where.the aging due to carbon

is most prominent) over thét observed in the samg alloy strained at room
temperature and then aged at 200°C. Baird and MaéKenzie26 have reported

similar findings in iron manganese nitrogen alloys strained at 450°C,

" again where s significant aging effect occurred. Since the strength of
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métals is kﬁown to be'strdngly dependént on the.disiocatién densitj; it
is possible that this effect accounts for the observed strengthening.
Although the increased dislocation density presumably arises from an
interaction between the solute(s) and dislécations during strain at
elevated temperatu:e; no model for such a proceés has Satisfactorily relatéd
the strengﬁhening to the diffusion of.a_substitutional solute élement.
Tﬁe models which have been proposed include straiﬁ induced ordering of
interstitials in:avdislocation stress figld, atmosphere formation on
temporarily blocked (e,g. by another obstacle) dislocations, and viscous
: drag exerted by solute atmospheres diffusing with mov1ng dlslocatlons.
Strain 1nduced orderlng would not apply to substltutlonal atoms, because
of the spherical symmetry of their strain fields, unless these atoms are
vpresumed to be associated with vacancies. A solute atom;vacancy pair
would tend to reorient in a dislocation stfesséfield, apd'would fhus
absorb energy and pfovide a'frictional force opposing motion of the
dislocation. However, very little inforﬁation on vacanciés in béc metals
is aﬁailable, and no solute,atomAVacandy binding energies ha&e been
predicted orvmeasured.

.Atmosphere formation, on either stationary 6r moving dislocations,
‘fwould requirg strain enhanced diffusion ;f_it were to be important at
~ the temperature of the peaké observed in this experiment (Loo-500°c),
particularly in view of the short times of.exposure'(less than 1 min).
.The topic of strain enhanced diffusion will'therefore be considered in
some detall in the following paragraéhs.

The diffusivity of an element in a crystal is expressed by



~Em/kT (1) I

where a, is the lattice parameter, v is frequency of atomic vibrations,» -
Cv is the vacancy concentration, Em is the vacancy migration energy, and
k and T have their usual significance.

Under equilibrium conditions

¢ =

e_Efv/ki o | .(2)

where Efv is thé.energy to form a vacancy.

if the vacancy concentration is increased appréciably above the
equilibrium value by piastic stréin, Eq. (1) shows that the diffusivity
will show a similar increase. As pointed_out in the introdugtion, the
controversj ¢enters around the question of whether the vacancy concen-
tration can be increased sufficiently to produce measurable increases
in the diffusivity;

Vacancy production can occur by several mechanisms, é.g. non-conserva.-
i tive motion of Jjogs on screﬁ dislocations, climb of edge dislocations,
annihilation of stitive and negatiﬁe e@ge dislocatioﬁs'superpqsed on
adjacent slip planes, eﬁc. It is nbt knoﬁh which; if any, of these |
mechanisms is domihant;‘aithough the”first one seemsimOSt prdbable at
deformation temperatures below the creép rénge. The ‘rate of vacancy
production by this mechanism should be related to the strain rate and
the dislocation density, which together control the frequency of inter-
sections, some fraction of which ﬁill result in vacancy producing jogs.
Some dependence on the stress level should also exist. If the stress
required to continue deformation ié low enough that a vacancy producing

Jog is a ﬁajor obstacle to the motion of a dislocation, these jogs will
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pin the.disiocation,:and few-Vaéancieé will be produced. At higher
stresses,.the dislocation will drag the job along with it, producing
many vacancies. | |

The instantaneous concentration of vacancies depends on the loss rate
as well as the produétidn.raﬁe. - The loéé rate wiil be proportional to
the sink density and efficiency, the excess concentration, and the
teméeratufe (through the exponential term controlling vacancy migration
rates). Vacancy sinks may be dislocations, cell and grain boundaries,
imﬁurity atoms or particles, and other vacancies.

In conhectionrwith creep-diffusivity experiments, two attemptst9;lo'
have been made to estimate the macroscopic average vacancy concentration
during strain. Unfortunately the conclusiohs reached in these studies

‘are contradictory., Also, theré are several factors which prevent the
application of these estimates to the present experiments. The major
factor is'the small volumés of interest in the study of an aging reaction,

.v‘e.g. of the order of 0.1 u3, compared to the macroscopic volﬁmés dealt

with by the estimates., Both production and loss .ratés woﬁld be expected

to show wider variation:on such a small scale. .A sécond'faétor'is that .
the non-homogeneous deformation observed in fhe présent experiments
(all specimens showed Luder;s'strain, to varying degrees) pievents ob-

taining accurate Values of local stfain and strain rate; whiéh enter into
the equations for the excess vacancy écncentration. Finally, assumptions
made in the treatmenfs restrict their‘applicabiiity to the high temperature

- .and low strain rate_region,‘whefeas the opposite conditions are of.

interest hére. | |

Enhanced diffusion may also be due to "short circuit” paths, i.e.

'diffusion'along dislocation lines or boundaries.v'Rapid diffusion along
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such defects has been observed in several materials. has

analyzed the diffusion due té this effect andiobtainedfan expression:
LD o_ise2 i (i)
D° -~ D°
where D is the observed diffuéivity, D° is the normal bulk diffusivity,
f is the fraction of atoms in the dislocations, and Dp is the "pipe" or
dislocation diffusivity.

Under static qonditioﬁs the time of diffusion must be long enough for
each atom to visit several dislocations for this equation to be valid.
However, if the dislocations move, they remove this condiﬁibn by visiting
.the atoms. Since not all atoms ﬁill bé visited unles; Very'high'strains

are achieved, the process will bé limited to some extent by volume:
'diffusion at lower strains. In the case of a sqlute which is attracted

.to dislocations due to an elastic interaction, the pipe diffusion will be
increased if the teﬁperature is high ehough for any vélume diffusion to
occur;‘.Although the static case is satisfactorily covered by Eq. (1),

- the dynamic case fequirés a more extensive chéracterization of the deforma-
tioh process; e.g.‘the fraction of the tétal nuﬁber of solute atoms visited -
by disiocaéiohs during a given strain, the effectiveness of a dislocation
in "capturing" a solute atom.(which'would bé expectea to depend on the
dislocation velocity) etc:, than is available, | |

Although boundary diffusiéh leads to large scale increases in macro-
.scopic diffusivity bf extending the tail of the penetration gurvé; it is
not expected to be very important in the localized regions of interest
for strengthening reactions, particularly in the present case where |

recrystallization does not occur during strain.

In summary, although there are several models for processes resulting
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ih strain enhanced diffusion, these models involve paramétefs which are
not known or determinable in the present experiment. Depending upon the

A

“assumptions made, either iafgeloor insignificant” = enhancements of -
diffusion‘can be predicteé.

However, an approximate indication of an.enhancedfdiffusion effect
‘can be obtaiﬁed by studying the éubsequent static aging response of an
alloy which has beén dynamically strain aged. For, if no enhanced diffusion
has taken place during strain, the solute will sﬁill be distributed |
much as it was before strain, due to the short diffusion distances for
times of ~1 minute at temperatures of 3%50-500°C (about ten atomic distances.
at the highervtemperature). Thus diffusion would occur on subsequent
aging, résulting in furthér strengthening as is'observed in the statiec
strain aging case. The absence of subsequent aging, however? would
indicate that the solute has.been arranged'in a stable distribution>
 during strain, which-requires an enhanced diffusiyity. |

These experiments have beeh carried out ét two temperatures, 350 and
375°C, aﬁd the results are shown in Fig. 12. It is seen that, within the
- scatter of the_data, no.further aging takés place in the-Aynamically
'étrain agéd specimens, thus indicatiﬁg, as outlined abové, that diffﬁsion
is enhanced dﬁring strain at thesé femperatures,’ Since the diffusion
distances afé expected to be somewhat‘sméllef in the d&namically strain
aged spécimens, due to‘the higher dislocation density, it is not possible
to calculate the actﬁal eﬁhancement from the times to complete aging iﬁ
the two cases (30 seconds and 300 minutes)., However, making‘the iargest
. reasonable allowahce for this effect, the enhancement must étill be of
ﬁhe order of 100; i.e., the diffusivity during strain is of the order of

100 times gréater than the normai'diffﬂsivity at 55060. It should be

\
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noted in passing ‘that these experiments also indicate that the slow
cooling in thé léwer'temperature region of the cooling cycle which was
mentioned in the procedure doés not affect the results, because the
specimens are, in effect, fully aged at the completion of-prestrain.
The strengthening mechanism in dynamic strain aging can now be
visualized as similar to that observed under static conditions, i.e.

volume diffusion of molybdenum to'disiocations. This process may either

~result in atmosphere formation, or be followed by diffusion along the

dislocations to form clusters. Since the process occurs‘during strain,
the first dislocations to be affected will act as obstaclés to subsequent
dislocations; thus requiring an increqse in the number of fresh disloca-
tions generatedlat sources in order to maintainvthe appligd strain rate.
The pinning action of molybdenum will also. inhibit recovery procésses at

the higher strain temperatures, since these processes depend upon dislo-

-cation climb, Both effects‘lead to an increased dislocation density and

strain hardening rate (as compared with a nonaging system). -The increased
dislocation density adds to the strengthening, either directly or through'
increasing the number of sites available for segregation of solute. These

effects are believed to account for the greater<strengthening observed

~in dynamic strain aging experiments.

It is not likely that atmospheres of substitutional solute form

~ sbout moving dislocations under the present conditions, as ¢an be shown

2

by applying Cottrell's empirical eciluzaxtion\8 /

D, ~ 10 ¢ cm?/sec
min —

where D_. is the minimum diffusivity for the Portevin-Le Chatelier

.effect, and & is the strain rate. This equation was derived from data -
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obtained in the iroﬁ nitrogen system. Sincé nitrogen diffuses inter-
stitially, its diffusivity should not be affected by any excess vacancy
concentration produced by strain., Thus, the normal diffusivity of
niﬁrogen is uséd ip the above équation. Dmin for the present experiments.

12

is ~107 gm?/sec; the normal diffusivity of molybdenum in iron at the

-16 :
peak temperature observed here is ~10 lA cm?/sec. Thus an enhancement

of th'would be necessary for molybdenum to form an atmosphere around

moving dislocations, which is considered to be the mechanism of the
Portevin-Le Chatelier effect. No evidence for such enhancements exists.
It thus appears that strengthening in dynamic étrain aging must be
assoclated with diffusion to dislocations which have been slowed down or

stopped by some obstacles (other than by substitutional atmospheres).

* The same reasoning leads to the conclusion that the mechanism suggested

by Baird,l that substitutional atoms retard the motion of dislocations
which have collected mobile interstitial atmospheres, does not apply
to the présent experiments., If this conclusion is correct, the reduction
of strengthening at temperatures above the peak must be associated with
thermal vibrationé qvercoming the binding energy between molybdenum atoms
and diélocations. At 6056C,.which is Just above the peak, kT is about
0.08 eVQ which.is of the order df the expecied binding energy. |

One dbjeétion to the excess vacancy model for enhanced diffusion

resulting in strain aging is that an incubation stfdin is expected. This

-strain is necessary to build up the wvacancy concenﬁration up to the

point where enhanced diffusion becomes significant. Such an incubation

strain was not observed in the present experiment (the strengthening

effect was apparent in the‘O.E% yield strength at temperature) or in the
experiments of Baird and Jamieson.28 This objection may be overcome

by considering small regions of the lattice where the density of moving
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dislocations is high. In such regions the local strain is large.and
would be expected to lead to high local diffusivity and thus strain aging.
No macroscopic incubation strain would then be observed. This consideration
would apply particularly to cases where deformation is extremely hetero-
geneous (e.g. Luder's deformation) such as the present experiments. Baird
and Jamieson did not state whether or not Luder's strain occurred in their -
alloys. | |

The conclusions reoched in the preceding paragraphs suggest that
the dynamic strain aging of alloy steels is due to the formation of
alloy carbides under certain conditions of straining femperature and
strain rate; Assuming that the diffusivity of alloy carbide formers in
martensité is the same as in ferrite of the same‘composition, .alloy

carbide formation should become significant at straining temperatures

of 300°C in molybdenum steels and at somewhat lower temperaﬁures (~ 20060) -

in chromium molybdenum steels. These'temperatures apply to strain rates

of ~lO-5 sec_l. The corresponding temperatures for the much higher strain

rates obtainéd by roiling or drawing oannot be predicted from the data
obtained since the strain rate dependence of tho diffusion_enhancomenf

is not known. Tt is suggested that quantitative measurements of the
'strain enhanced diffusion effect would best be made in a éystem where o '
simple sinéle stage hardening reaction occﬁrs (e.g. Ag-Al), in which Ag
atoms form spherical olusters). ‘Determinationiof the cluster size

and spacing unoer various straining -conditions should permit calculations
of the diffusivity during strain.' The method could be utilized at.

temperatures and strain rates approaching those used in the creep-diffusion

experiments referred to earlier, thus providing a mutual check. Investi~

gation of éingle phase (unsaturated) alloys would clearly demonstrate
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the existence and ;pproximate magnitude of the effect, sinée no aging
would occur in sﬁch an alloy under static conditions. Clustering should
.occﬁr, howevér, under conditions of high diffusivity at temperatures
low'enough for the binding (clustering) energy to be important, since
a high fraction of the solute atom encounters under such conditions would

lead to pair or cluster formation.A
V. SUMMARY AND CONCLUSIONS

The strain aging of iron molybdenum and iron chromium molybdenum
alloys has been investigated. The dynamic strain aging (straining at
elevated temperatures where aging takes place simulténeously) of both
alloys is similar in that a peak responée is found in the MOO-500°6 range.
This peak is of the order of 40o% of the flow stress at 2% strain at room
temperature.. The latter value 1is qsed as a base since it.represents the
yield sfrength expected in a material which shows no aging. The e;péri-
ments on pure iron verified this expectation, showing very small aging
effects, of the order of tﬁe.experimehﬁal scatter.

‘The variation of the strain aging responée With.intetstitial content.
in the iron molybdthm alloys was too small to pefmit the response to be
attributed to these solutes,ieither directly or indirectly. Kinetic
measurements on statically strain aged specimens indicate an apparent
activation energy of 42 kcal/ﬁole,'aﬁd a (t)g/3 time‘dependence. These
results are consistent with the Cottrell-Bilby model for strain aging,
with molybdenum as the active solute. These results; taken together,
indicate that molybdénum, by itself, produces strain aging in speciméns
- strained sbove 300°C. | |

The observation that specimens strained at 350 or 375°C showed no
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further aging at those temperatures (étraining wa.s completedvin ~ 30
seconds) whereas completion of static aging required 250-300 minutes, is
taken as evidence of strain enhanced diffusion. A lower 1limit of ~100
can be set for the enhancement (i.e., the diffusivity during strain is atw
least 100 times gréater than that under static conditions at fhe same
temperature).

It is concluded fhat the strengthening mechanism of dynamic strain
aging involveé the (enhanced) diffusion of substitutional solute to
dislocations. This process occurs during strain and leads to increased
dislocation densities and higher stiain hardening rates in a particular
témperature region, The lbwer limit of this region is Set by diffusion

‘consideratiqns (enough segregation must‘take place during the éourse of
the test to produce observable strengthening), while the upper liﬁit is
believed to be set by thermal vibrations overcoming the solute-dislocation
.binding energy.

In relation to the dynamic strain agingiof steels, the results lead
to the conclusion that alloy carbide formation may occur during tensile
straining at temperatures‘(200~500°c, dependiﬁg on the composition) weil‘
beloﬁ the range in which such éarﬁides'are formed during static:tempering
(450-500°C, for one hour témpefing). Such -carbide formation is believed
to accountbfor an appreciable part of thé strengthening observed in

dynamic strain aging.
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Table:.: I.. Process.’mg a.nd analyses of ma.terials used
' for alloy preparation

C N 0 H. ppm -
- Fe  electron beam zone refiﬁéd 5 <1 6 - )
Cr electrolytic ' . 150 -
Mo electron beam melted . <10 <10 <5 -

Table II, Composition, final heat treatment, and average
' grain diameter for the materials investigated

All treatments at 850°C  C

. FeMo-I o Recrystallized in vacuum 70 16 38 5 28

- FeMo-II 2,2 a/d Wet hydrogen 2l hrs .20 b5 - - 39
, Mo : ' o ‘
FeMo-III " Dry hydrogen 350 hrs < 10<:20 - - 43

- and hrs vacuum

FeCrMo -~ 4.9 afo Recrystallized in 50 25 <20 - 31
’ Cr, 1.3 vacuum :
afo Mo . :
Dry hydrogen 350 hrs < 10 <10~ - 64

Te
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Fig. 1

Fig, 2

| Fig. 3
Fig. 4
 Fig. 5: _
.Fig{ 6
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- Fig. 8
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" FIGURE CAPTIONS

Vacuum tensile machine, showing the movable furnace feature.

Tensile properties of FeMo-I (2 a/o Mo 70 ppm C, 15 ppm N).

| ‘The bottom curve represents the yield strength (0.2% strain)

at the prestrain temperature; the middle curve represents

‘the stress at 2% strain, also at temperature, The top curve

-represents the: jield stréngth'at 25°C after prestraining 2%

at the indicated temperatures.

Tensile properties of FeCrMo (4.9 a/o Cr, 1.3 a/o Mo, 50 ppm

' C, 25 ppm N). Curves have same significance as in Fig. 1.

»

Tensile properties of Fe (< lO-ppm C, <10 ppm N). Curves have

" same significance as in Fig. 1.

Tensile properties of FeMo-II (2 a/o'Mp, 20 ppm C, 45 ppm N;?;

Ey

The curves have the same - 51gn1ficance as previous figures.

Tensile propertles of FeMo-III (2 afo Mo < 10 ppm C, < 20 ppﬂ%N).

Curves have same significance as 1n prev1ous flgures.

- Strain aging response of alloys stralned 2% at the indicated -

temperatures. The response, Acg, is the yleld strength at
25°C after prestrain minus the 2% flow stress at 25°C. See

text for discussion of this index. -

a) Fe, FeMo-I, and FeMo-IIT; b) Fe and FeCrMo -

* 'See Table II for compositions

Rate of strain hardening of pure iron and thé alloys during

- prestrain, The peak values for the allqys'bccur at temperatures
fs;miiarvto the respective peaks in strain aging response.
&) Fe, FeMo-I and FeMo-III; ' b) Fe and FeCrMo.

 See Table IT for compositions
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Aging resﬁonse_of FeMo-T after 2%'strain at'25°C (static strain
aging). 0/06, the ratie of the yield strength after aging to .
the 2% flow stress during ?resfrain is plotted versus aging
time et'several temperaturesﬂ

Arrhenius plot of the data in Fig. 7. téé% refers to the

time required to attain one half of the maximum aging response.
See text for discussion of the data at 558 and 507°C.

The data of Fig. T plotted on a log~log scale to determine the

/3

time dependence. The data indicate a t2 dependence at the

lower two temperatures.

A comparison of the aging response of FeMo-I at 350 and 375°C.

a) Strained at room temperature and then aged, b) Strained

~at the aging temperature and then aged. The completion of

prestrain is taken as zero time.

- Transmission micrograph of a FeMo-III specimen strained 2% at

498°C, A high dislocation density end well developed tangles
are observed, o v | |
Transmission micrographtef a FeMo-III specimen strainedie%'
at 25°C. The dislocation density and distribution is similar

25

to that observed in pure iron.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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