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ABSTRACT

: The temperature, stram rate and structure dependence of the -

.flow stress in a,polycrystalhne 1ron-2%‘ manganese alloy was

investigated between 77° and 370°K. It was possible to identify‘ the low .
temperat.ure data from 77:’ to 160°K with Dorn and Rajnak's theory.bof the
Peierls mechanism of piastic. deformationl."'z» Above 16'O°K. ohe or more
thermally activated mechanisms must be operative, howe'ver, these .

were not identified in this investigation.



: range is yet bemg debated Varlous dlslocation mechamsms have’ been

L INTRODUCTION B

The mechanlstlc ba81s for the rapld decrease m the flow stress

i - of BCC metals Wlth an 1ncrease m temperature over the low temperature

'/

’ sudgested in the past but the agreement between the various proposed

theories and the experlmental results have not been deflnltlve In the .

| . :. present paper, the authors will demonstrate that the plastic behavior of .

polycrystalline iron containing 2 wt. % man’ganese plus interstitials_

agrees excellently with predictions based on the Peierls mechaniSm

from 77° to l60°K whereas from 160° to about 370°K other as yet
' unidentified thermally actlvated mechanlsms take over. Undoubtedly, o

- the overlap of these mechanlsms with the Pelerls mechanlsm contrlbuted

and its alloys

" UGRL-11512 Rev.
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to the dn”flcultles of ratlonallzmd the low temperature behav1or of 1ron o



PR -"UCRL'-MSiZ Rev '

I EXPERIMENTAL T“CH'\IIQU"“S AND RESULTS

Although extenswe data :are now avallable on the effect of
temperature and strain rate on the flow stress of various BCC metals‘ -
'an,d alloys it was, nevertheless deemed necessary for the obgectlves of
~ the present study to obtain hlghly accurate data of the type most pertment_
for checking the theories on a series of Well-do'cumented work hard_ene‘d
states. Ir—on containing 2 wt, % manganese was used in this investlgation': L
':Ain order to obtain a lower ductile to brittle transition temperature than | : ;'

- that for iron. 1 The add1t10nal elements present were 0, 004%C, 0. 05%0

K 0.004%sS, O. OOB%P 0. 006%'\1' a.ndO 001%81

- The as received 3/8" x 3/4" bars were “cold rolled to 0 100t R ’
<th1ckness recrystalhzed under argon for 30 min at 1073°K further o
~ cold rolled to 0, 063" thlckness" and finally recrystalhzed under argon .
for 30 min at 1000°K, Thls treatment gave a stable reproduc1ble equlaxed
gram structure havmg an averade graln dlameter of about 90 microns.
Prior to the final recrystalllz_atlon treatment, the, sheet was machlned
into tensile specimens 1‘/4” wide haVing al. 625':' long gage- section'
. All specimens were tested in controlled temperature baths on an Instrovn‘ o
' . Testing Machme. For convenience in the theoret1cal analyses the data
will be given in terms. of the. shear stress for flow 'r, the shear stralnl.i"""“; s
rate, ¢ , and the shear stram "y. A series of three standard stram-A
_hardened states were obtamed by prestrammg spe01men at 300°K and _’
at a shear stram rate of 7. 68 X 10” /sec to three stress levels of

8 8

. 6. 89 x 10°, 10.3 x 10 and 14, 5 X 108dynes/cm2 respectlvely E 1,

Immedlately followmg thls prestram the temperature bath was changed ;-" %

?




g

and each spec1men Was pulled 1n tensmn at elthe | ‘(. 7 68 X 10
- obtamed did not deV1ate more than +0. 1 x 10

"in the reported values of the stram rate The tensile stresses ‘were -

Jcould be achleved in determmmc 7 and the assoc1ated flow stress T,

.5 ‘

3. OG-X 10 /sec In terms of the accuracy that was aclneved the values

8dynes/cm2 a.nd i 1°K from

the reported values of stress. and Lemperature and not more »han + 5%

P
- PN

converted to Shear stresses usin'cr a facto'r-of l"/2 The shear s’cress for

‘: the initiation of flow at the test tempera’cure was determmed by taking

with only a neO'lldlble increase in the pres‘cramed state The ehperlmental e

' da’ca recorded in Flg 1 obtamed by thls techmque were shown to. ‘be

highly repro duc;ble.

% L
AN '
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ay=6. 16 x 10 -3 offset from the modulus line at which point good ac’curacy':;_'_ e
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III. DISCUSSION

The increase in the flow stress for e;ach,of ’the various strain-
hardened states wifh decreasing tefnﬁerature and increasing strain-rates, o
as shown in Fig. 1, firmly estab_lishes the fact that the deformatipn of
polycrystalline ix;'on containing 2 wt.% manganese plué;' inte.rstitials is o B
conirolled by thermally activated dislocation mechanisms below about
370°X. From the data, it appears that the deformatidfz becomes athermalm '
at about 370°K; however, this could not be shown conclusively because
recovery and strain aging effects iake p;}lace' a?omre 370°K. The general
trends of these data are in nominai agreement {vith those that have been

| repofted by other investigators on the deformation of other BCC metals
and alloys. 2-6

‘It is now generally admitted that each low—temperaturc\a thermally

activated mechanism can be characterized by the generalized relationship

_U_ '
kT W

V= Ae
| Where: v ‘is'the shear strain i‘a‘ce, -}'/o";is-a frequency factor, U is the
energy that must be subplied by a therm{enl fluctuation, and kT has its
usual rheaning of the Boltzmahrij coﬁstant times the 'absblute te,mpera"c.ure. :
For deformations at low temperatures, the acfcivait_ion energy Uis a
functioh of the thefmal stress |

where 7 is the applied stress and ‘TA 1s the.stre‘ss;thét is \require‘d to
overcome the athermal dislocat:ion interéctiops; furthermore both U and
TA decrease with an~ increase m temperature in propoftion to the

decrease in the shear modulus of elasticity with an increase in
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SRR

: temperature ' Whereas: Sy 'Yo is always dependent on the s1gn1flcant

o structural aetalls of each mechamsm for some mechamsms such as

-mtersectmn of dlslocatlons mteractlons w1th solute atoms mteractlonsz RS N

“with clusters of atoms 19) also depends on- the substr lctural dctalls.",:, :

. ""However for other mechanlsms such as the Pelerls process Uisa
- i

physically determined function of T and is therefore 1ndependent of the .

'
e

t-

..

structur_e .

Unfortunately the theoretically predicted 7 vs T r'elationsh'ipf o

is frequently about the same for several dlfferent mechamsms A R

" more critical distinction between mechanlsms is obtamed frOm the T

Sl

activation volume, v, defmed by SRR T L AR I A

kTB KT < PP )T : (a.,,ﬁ}A_ KT (=25 'f - -li-<3)-»' -

The actlvatlon volumes deduced frOm the data’'in Flg 1 m thls way are:
‘ given in Flg 2 in terms of - Ty Where 'rs is the flow eress at oOO°I\
for the prestrained condition The low actlvatlou volumes of about

30b (where b is the Burgers vector) for the hlgher stress levels

~.

' dlsquahfles the 1ntersectlon mechamsm smce its actlvatlon volume

- . should have the much hlgher value of v =~ Lb2 where L 1s the mean

!

'dlslocatlon spacing; lurthermore the 1nsen31t1v1ty of the actlvatlon

2

volume to the: orestramed work hardened condltlon Whlch should

..., i

e

" decrease with straining if 1ntersectlon were rate controlhng, also e

-serves to dlsquallfy 1ntersect10n as the Operatlve mechamsm over the' ".f S

. entire range of T - Ts ‘, _ i ;:"= Cow vy .'~ . ?-'t

Althoucrh Stem Low and Seybolt have suggested that the low

‘. vtemperature thermally acuvated mechamsm m smgle crystals of 1ron"~E :
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arises from interactions of :interstitial .-solutev"a't‘om‘s- and ~”Vlordil<e .and L

‘ I—Iaasen6 attrlbute it to mtersectlon of dlslocatlons W1th clusters of :

1nterst1t1als many 1nvest16ators among them Conrad and Hayes 2 Heslop S

and Petch8 and Basmsk1 and Chr1st1an9 have suggested thet the Pelerls .5

- process is o erauve The major strenO’th of this view point centers about - ..
P P p T

the small values of the experlmentally determmed activation volumes and

¥
their 1nsens1t1v1ty to deformatlon and 1mpur1ty content. For’ example,'

_employmg a much higher purlty iron than used in thls investigation

R 'Arsenault10 obtained albeit by creep tests about the same trend in

. activation volume with 7.~ 7 as that recorded here. - The major arcruinent T

- against acceptance of a Peier 1s mechanism concerns the unacceptedly

high activation volumes that are obtamed at the lower values of T - 'rs

This strongly suggests that if the Peierls me chamsm is controllmm over

the low temperature range, ‘it is overlapped and superseded}by some more S

. difficult mec-hanism at tem'neratures above ab0ut 160°K' In order to

present the case for this hypothe81s we will assume 1ts Vahdlty and.

check all factors bearmg on the Pelerls mechamsm in the rande of 1ts

assumed valldlty, following Whlch we w1ll return to dlSCU.SS alternate
possibilities. For this purpose, we, w111 adOpt the Pelerls theory recently
suggested by Dorn and Ragnakl because. 1t has. recelved excellent

experlmental vern”lcatlon over -tl"e entlre range of T ,' 1nclud1ng the low -

: stress range so critical to this evaluation in two cases namely that for . ...

prlsmatlc shp of Angllz a*ld for {123} <111> shp m the BCC CsCl
o 13

type lattice of ‘AgMg. These results were uncontammated by the

presence of another mechamsm,
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For the Peierls process. |
'Yo paby _3;7 o | R - .(4)

| where p is the density of dislocations, a is the distance 'betWeen adjacent .» g
Peierls valleys, v is the Debye freouency, L is the length of dislocation
advanced a distance a by the nucleation of a smcrle pair of kinks and
w is about the critical separation of the pair of embryonic kinks for the
saddle-point free energy for nucleation of the pair. Since w is only

mildly dependent on the sr‘cress,11 it can be taken as subst.antially a

constant in the iogarithmic expréssion of Eq. 4. The thermal flow

stress 7;:: for the PeierlsiproceSs is given byll -
'_* | _ Un ~ ’ T . . ' ' g :
7 /,Tp = fj_ (ZGI{.) — J("1 ('T:) v o (5) .

" where o is the Peierls stress, U = U is the activation energy for

nucleating a pair of kinks, Uk is the energy of an: 1solated kmk T is the

test tempera’cure, and Tc is the critical temperature where =0 and
is defined by , _ _
- 2Ux : : R o
.‘ . ' I“: S ' . - ) A} o
T EAE e . : - (6)

, and conseqﬁe’nt‘ly dépends o‘n 'y i Both Uk anhd Tﬁ change with tem'perafure..f
in the same way as the shear modulus bu‘c this effect is small and has

been neglected in these calculations. The theoretlcally estabhshed
universal 'r*/'r vs T/Tc cur;\re fo_r, the Peierls mechanlsm where the
Peierls hill is Aavssum.ed to be sir;usoidal is shown by the solid line in

Fig. 3. | | |

As shown in the figure Tc': =T {a’c 7 >-=1>'r‘ -7y =0} and

i

T '—"'7'* {atTE O}'

5 (r = 7,) {a‘giT = 0} Smce a second noechamsm is -
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© value of 30b3 for v (see Flg 2). andy was taken to- be about 1. 9 x 10
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presumed to intervene at-the higher test temperatures, it is not possible

 to determine 'I‘C directly from the experimentel data, arid since brittle

fracturing was obtained below 77°K is was not easily possible 'ce ‘obvtain
7; N at T = 0. For this reason the aliernate proceedure of flttmg the
experimental results to the data was aldop’ced. As shown in Fig. 1, 'rA
for state ¢ is closely equal to TpA=T {é70°K}' 13.8 x lO8 dynes/cm .
Using this value and corre‘aumo the lower Levnperature data of Fig. 1
with the theoretical curve of Fig. 3, o was estimated to be 48.2 x 108
dynes/cm2. The data for the remaining s’caites were also e-orrelated
using this seme value of ‘.jp. The significant data of the correlation are
given in Table I. | |

Using these values all of the experimental datum points were
plotited on Fig. 3, revealing excellent Aagreement of the dafca with
theoretical expectations from T/T  equals about 0. 30 to about 0.7%5.
Above 0. 75, however, the experimental resultS_ deviate -considerably
from the expectations based on the Pe"—ievrlvs: procese. " The values of Uk

~

in the last column were obtained from

_’Y1;/'Yz, =——_:-2TJT\—_ . o (7)
o ' [ N “ . -_ - . .

as requlred by Eq 6 and are accurate to about 15%. pL was es’timated_ s

from Eqgs. 4 and 6, w.was obtamed by assuming v~wb ‘and using '
1

sec_l. The kmk energles of about O 3 ev agree very well for the

. 'dhferen’c states as Lhey should When the. Pelerls mechanlsm apphes and
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. TABLEI .

A

T

I\

and T -Assuming Peierls Process

For 7., = 48.2 x_lOdenes/C1n2

7 % 10° 7 ST, 7, w107 pLx 1070 U _x 100
9. 9 - :
dynes/cm” - sec °K dynes/cm” cm 1 ergs

’ 5.12 % 107° |
a 6.89 - 415 3.8 " '5.29
2.04 x 10 ' ' ' T :

-~ State

 5.12x107° ‘ :
b 10.3 ' — 8.96 77.5 .- 5.52
‘ 2.04 x 10 4 | -

' | 5.12 x 107 . _' . .
¢ 14,5 —~ 13.8 25.4 . 5.26
: 2,04 x10 ° : y - :
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oL is about the right order of magnitude and it increases with an increase
in the dislocation density as s’ugges‘éed by the 'Peierls‘mechariism. The

Peierls theory requires that

.2__'/’:;_{):1&_ = 5,67 -":P_i‘}i_ 8) -
. a,& o 71! o . . - )

where ro is the line energy. Introducing the values obtained for Uk and

-4
' Tp reveals that the line energy is 7.15 x 10 “ergs/cm which is in .

. ‘ : e~ 2 160 .
agreement with commonly accepted value of ro ~ 0.5Gb". Finally,
we compare the experimentally determined activation volumes with the

theoretically established relationshipl 1

'
i
'

{WD—} venEn) )
where the theoretical function. /§iven by the solid line in Fig. 4 and the
points r'eferv to the correlated experimental data. The agreement with -

| the dictates of the feierls méchanism is agaiﬁ excellent_ fdr 'r* /'rp of

0.1 1o 0.5 but e:gperimental data deviate éeriously from the theoretical .'
expectations for 7-‘*/';-p <0.1, i,e. for temperatures somewhat abo&e (.
about 160°K, The excellent agreement bétwéen the experirﬁ‘ental data . '
from 77° to slightly above 160°K with all of the intimate details of the -
Peierls process vindicates the thought‘ sponsored sb effectively by b' "
Conrad and also promoted by many other investigators that ‘theb low

: temperature deformatio'n r;'zechanismf of iron and also other BCC metadls
is controlled by the Peierls méchanism. ' ‘_I-Io_wveve‘l‘*, bthe _lagck of vcorreilation
between exp_eriménvtvé'nd the'Peiérls theory‘fromlslightlvy abo{re 160°K

to 370°K implies that at lea_ist one o’chexi thérniailjr aétivafed mechanism' "

. must operate in this range. -
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o temnerature dependence;. At m*esent due to the’ meaore data avall ble

vit.is rather O.lfflCuJ.L t0 draw denmte concluszons about thls mechamsm. o

Ce15- o : »UCR,L%M“S 12 :R_ev.-'v

The m’ccrstl‘clal atom 1meract10n su ested by Stem Low and

":.Seybolt | uhe clubtered auom reacuon su oested by ’\/Iordlke and I aas‘en,‘-br :

e LT S
the motwon oz Jogged screw olslocauons suggested by Sehoeck, ' and the;_ RN

15 N -
‘Snoeck enecb suorresLed by Scnoed' or combma ions of Lhese arc. the

serious contenders for ne“onera’cive mechani’sm,over 'che inter’m'e’diate'_-”‘

_ tempera’cure range. The I‘ebOlhthD. of ihls issue appears to be most

ifficult and mL require addztlonal investigations and apalyses partlcularly

involving studies of ulira high purity metals. Assumptwons were mc da

o

so that it is concewvab e Lh. t such a process might a,splay a n‘il ¢
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CONCLUSIONS
The femoera‘cure ) eram rate and s’cructure dependence of the R
flow stress in _1ron—2% manganese'__all_oy has beep investigat'ed._ Th’eﬂ, e
. 'feil.oﬁrind coﬁ.elﬁsions have been dr.éwn-' | o | . | ""-f \

1. . There are at least two thermally actlvated meehamsms ope:c‘e.tmc‘r .'
between 77 to a70°K Whlch can be resolved by means of ' |
activation yolume -calc‘ulauons. | .

2. Below 160°K the large {empereture' dependence of lthe'_flow'strESS' :
can be explained on the basis of Dern and Rajnak's the‘ory ef the
Peierls mechanwsm of plastic de;orma‘clon |

3. The calculaued va 1ues of the actlvau.lon cnercy for t‘le process
and the line energy of a dislocation are in good agreemerit wi’ch_' L

the theory. : o
H : . N

4, . From 160°to 370°K, other unidentified mechanisms having much = .’

larger activation volumes appear to be operative.

A
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