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ABSTRACT 

The effect of strain rate, temperature and interstitial impurity. 

'. ,' ./-\ .·.concentration on the flow stress was investigated in a polycrystalline 
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iron-2% manganese alloy. The temperature dependence of the flow stress 

was found to be ind~pendent of the interstit:i.a.l impurity concentration, 

removal of interstitials m~rely decreasing the athermal stress level. 

Below 160°K, the large temperature dependence ?f the flow stress was 

interpreted in terms of the Dorn-Rajnak theory d~ the Peierls mechanism 

of plastic deformation. Above 160°K, some other thennally activated 

intrinsic mechanism seems to be operating. 
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I. INTRODUCTION 

·, 

·,., 

,.-.I.,· . 

. ~ . The strong temperature dependence of the flow stress of b.c.c • 
. ,.! 

'· '. 

· '-' · iron at .low ·temperatures has been studied by numerous investigators 
!: c :-:" 

.>: a.nd interpreted in terms of several different thermally activated 
:):,··:·: 

- · dislocation mechanisms. The following mechanisms have been proposed:· 
: ., 

' ' 
'· '•; .··.: .. \ .. '·,, 

··r '.:. ·: 
.: . 

. ;., .• '.'' .·.l 

'. 1 

/ .. ,-.: .... 
:. :' 

. · .. ' ~. 

·. > ; . .: . i. .l. 
L' .. · .. ;.: '.:· 

• ':'.. •,<' ., 
'.·. · . ... ' 

. ... 
.. :·, : '.• 

(a.) Interaction of dislocations with interstitial 

impurity atoms1 or with solute atoms in general,2 

(b). Intersection of dislocations with clusters of 

impurity atoms, 3 

(c) Resistance to the motion of dislocations due 
4' 

·. to jogs on screw dislocations, 

. ,, : ··'. :'~ '·· _.~-
.. . . . ··,,·· 

(d) .Resistance to the motion of 'dislocations due to . 

the Snoeck effect5 and, ·. ,_: ·' 

. .· 
: _:; ' 

,·.;. 

:• ..... ; !, ~·. 
. . ·.,.· 

. . . . . . 
• ..... _ ...... -, ... ;;: 

., .... - · ... 
·/· . . ·-. l; , , 1 • '.~ 1 

'-:·,; 'J·; 

I . 

(e) Interaction of dislocations with the intrinsic 
. . . . " " 6-8 resistance of the b. c. c. lattice or Peierls hills • . 

' ._, .. '.:. -~ . :' ~-- : ':; .;-·_:. 
,·. •· .. ... _In previous wo;rk,9 it was found that the plastic behavior of 

.. : .·~ ~ .. ' ' . . 

· . polycrystalline iron containing 2 wt.% Mn (and 100 p. p.m. carbon + . •. ··,, .. '.; .. '. '•· : . 
• '. < .; ~ 

: ·' . : : . . . ' ' ~ 
:::;·:.> \.' 

. ~ . . . ·. ~ . ', .. ·. ' . 

. ·' ( ~- ~ ~ :; 
.·. · .. 

nitrogen) is in good agreement with predictions based on the Peieris 
. 10 . ' 

·/ J' 
·· .. I .. ,, . . .mechanism from 77°K to 160°K whereas from 160°K to about 370°K another 

. . ' . 
'·· .. . .. .• · .. 

._ ... ·.';._I: 

·, ., 

' . : ~ .. ..· . . 
\ •' I ' •, : ~. ' 

~-<·· : . .-. .. :. as yet unidentified thermally activated mechanism is operative. 
· ... ' 

•I !' 

: l ( 

The purpose of the present investigation was to determine the 

effect of interstitial impurities on the temperature dependence of the 
<. ~ . • ·,. -_: 

. :·_.· . flow stress, by purifying the previously investigated alloy with respect 

The investigation revealed that removal 

,_. : ; of the interstitial impurities to a level that. eliminated Cottrell 
.... ' ~ ; J . " ' ,··.··_:.-.;i·, 

: . locking and the Portevin-LeChatelier effect affects neither the strong · 

temperature dependence of the flqw stress at low temperatures nor the 

I:, , 
,'.•·' 

. ... :· 
. ·, ': . ~ / 

'\ •. ··:.-·· .... : ). 
., . ,,,· 

._.,:; 
\ ' •.'' ' ' + I >' ' ' • I~ ' J ' 

. ·J,. ,. '· .. ·· ., 

I ,,, • '. 
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· .. ·gene~al characteristics of the higher temperature behavior• Such 
' 

0 
1 

: ."· vl • • 
•. j ... ; :-·<f..·-·:,. -~. ,' ·< .... ·::: · :pUrification, however, lowered .the athermal yield stress. 

} ,•' 

:·. ' ... . :. 

II. EXPERIMENTAL PROCEDURE AND RESULTS 

The material used in this investigatio~ consisted of an iron 

2 wt.% manganese alloy having the following additional elements 

0.004% C, 0.006% N, 0.05% 0, 0.004% S, 0.003% P and 0.001% Si.: 

' ,•·,-

This was the same material as that studied in the previous investigation 

'. ~ 

. . ·.A . ~r 

· · and will henceforth be referred to as the "impure material". The .. 

• ~ • :. r 

as received 3/8" x 3/4" hot rolled bars were cold rolled to 0.08" 

.thickness, recrystallized under argon for 30 minutes at 800°C and 

.. further cold rolled to 0. 053" thickness • 

at 850°C for 24 hours in a stream of hydrogen saturated with water 

Material prepared in this fashion wi11 

.;· hS:s been estimated that this type of treatment reduces the carbon 

1 content of iron to·less than 5 p.p.m. 

It 

The second stage of purification consisted of holding the specimens 
.. . ·< : ',; in a closed system through which hydrogen was circulated past the . ; :_ : -· 

, ,·,; o/, ·-.:::·~:/ :·.',·.,, I ;•,' 
' ,_.· . 

. : · ; .. : ': .. : <. ·; o":·heated specimens as well a.s a zirconium hydride getter. 
~ 

The specimens 
'' 

~; :·;·:< ·:_: · .. ·:;:-:~ .:"; ·.: ·. :>.:·were ·beld at 850°C and the getter at 800°C. The process was continued 

. : ~ ': . ' .. . . ,.: ' ,' 
.: . (.: 

_J, ·,;' • for 212 hours •. The. starting material fc:>r ,this, process. was ·wet hydrogen· 
.• -' • 5' ,, .. ·. 
'- ... :· .. 

·-:·· )'-• ··: .· 
• .:•. • I 

' .. ; .' ... · ' ~ '. \. . ~ ' . ' ~-
• ·t' .. , 

'' . ' 
.; ' • I • I • ~-, ',, : ·; ./ :. :' ' • ' 
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·, ·.<;,,',.:. -3-
··.: ·.·· ., . 
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'r· ·.,;: ':· :;.• ' 

.. ' ~ : . ": ·. .~·'. ~. ; . . . \ 

' ' ' ' .. ~. I • . 

;~~--. ,, •/:~·.·: :=~ .. ~~· 
' . ·~ . ;.> purified material. Material prepared in this manner will be_ referred 

··:··: . ' ... _ ;:: · to as "ZrH
2 

purified material". The technique used was substantially 

. 1 
.. ..;,· .... ) 

the same as that described by Stein et. al. who have shown that 

:·the carbon level at the end of the process is reduced to about . ··. 
·; ·-, '·' 

:: ~ ·? ; ·-: 
1

·; •<: :::-" 5 parts per billion.· 
• 

· ... ··· .. , ... : ;, . 
:. ·:. i , .. : · .•... < 

. ,:. / . ; ·~· ·, \, ;-

'. ~ . ' \ 

I . ~ ~ '~' 
All tensile testing was carried out on an Instron ~esting Machine_ 

. ·.";: .'\ .' 

· :· ,: ' · ,' either in controlled temperature baths or at fixed point baths such 
: : •' ~ .. 

. ;.-.: :-,: . :as boiling liquid nitrogen, etc.,. When fixed points were used the 

, .· . · Y:'j: ;. > C:. temperature was kept const~nt to better than tl °C whereas in all other 
I .: ; .. ' 

.·~·. :./ ,_.· 

,. tests the temperature variation was less than :t2°C. 
.. ~ .... ~ ~ · ... 

Test of Puri t~ 

It was not possible to determine .the purity achieved at each 

: . ·:. ).<stage of the purification because the resulting level of interstitial . . ' . . 

-· 
' ' 

.- ·, -;. :·impurities was well below the limit of- sensitiv:i,ty of standard 

>· ~: ·, I 

_:.i ,: :analytical techniques. It was possible, however, to obtain a qualitative 

.' .: . '·. . ~ ..... measure of the extent of purification from the appearance of the · 
';. 

.. , 
' 

stress strain curves for the three materials. Figure 1 shows the stress 

; ::'\strain curves for the three ·_different materials tested at 300°K. It · 

·:- can be seen that the effect of wet hydrogen purification on the impure 

.,. :. --·-_ . ; material was threefold. The upper yield point was entirely eliminated, 
:, .... :i l',:' .·:: ·tJ ~- :~: t·:- ··~: :. . . . 

.~.:f .. - : ·: ;, o' the lower yield stress was decreased and tJ:e extent of. LUders band 

,.il '.', t '>' ·.strain was. reduced by. about a factor .of ten. The three effects provide 

::'.~~;~'(:·::··;: ·l >·· strong evidence that a. significant reduction of the interstitial content 

_ .. _ ·was ach,ieved •. The effe~t o~ ZrH
2

; pi.lrific~~ion '\\'as to eliminate all ': 

yield and LUders band phenomena. These trends are in substantial 
. ·; . 

. ' 
" 

· .. ·.· 
·'· 

'' ' . -:. . .~ I ,' ' ,·. 

•' .... .-,:· :· .. ·:···· ., •'': 

'·." 'r:··,,l:. 

·' :· .· t ' :-; ·. i. 
,, ' .... , 

: ..... 
. I I>' 

. '!' 

:: 
) ,-·,,··. 
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-5-

... 
, ~ '(': > : 't: :· : .. ·effect thus indicating that the concentration of interstitial impurities 

. , ·.; . ·' 

; '< .( ,. ' ..... 
.was so low as to make dislocation-impurity interactions undetectable. 

<:;r·;_'· -"-· '· _:;! : Stress-Temperature R-elationships 
\ ·• ·.·,;.'· ·., . .. . ·} ' . . 
. : ~· ,; ~ ·'. ·: . .,' ... \ \ : ; ~ -~ ' ' . 

:·, ··:···::· __ '_._·)!} : 
For convenience in the theoretical analysis, the data are presented 

in terms of the shear 'stress for flow, t, the shear strain y and the 
.,· ·:· .·! 

,; . ·\... ' . (, ' ..... • shear strain rate.y. Tensile specimens of the wet hydrogen and ZrH2 

· .· ~ ·.purified materi~ls were pre strained at 423°K at a shear 'strain rate of 

.: .. : _1.54 x 10-s/sec to stress levels of 3.64 x 108 and 3.21 x 108- dynes/cm2 

respectively. Immediately following this prestrain the temperature 

.... ,_. 

' '-~ f .• : . • • f ,' '.' • ' • i. . . .'·. i . 

: :::';;~,:·' :<; ·: .. _bath was changed and each specimen tested in tension at either y = 1. 54 · 
' ~ ~-. . ' . ' : .... ',' i.i<i: ; .. ~..... -

;~ ,x 10 5/sec or 1.54 x_l0- 3 /~ec. ': The values obtained for the stress were 
'!·· 

within ±2% of the stated shear stress and ±5% of the reported values 

· ·:or the strain rate. The tensile stresses were converted to shear 

. ; .stresses using a factor of 1/2 .and the 'shear strains· obtained from 
~ ' . 

·::-; ·· -:·:engineering strains using .a factor of 3/2. The shear stress for the 

. 'initiation :of flow at the test temperature was determined by taking a .· ·, 
... ' 

,. · :. · ' \ = 9. 2
0
4 xo 10-3 offset 'from the modulus line at which good accuracy was 

, : ··::: t>:. : ._: . achieved in determining y and the associated flow stress -r ~ · 
.. .,:_·~:.· i~/_-_.-_· :· : ·:: . . . . 
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'·--~ .:;, · .. 
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1

: ~ - i . . ,· ' : . ' . . ,:<<· ?~ :·: .:;·.: ·. ~· The experimental data for the wet hydrogen and ZrH2 purified 1.·.::·/:J·: .. ,. ·:•.·,; 

I

'• •· .····;::~ .•• ··: :. : .Y:. ::; j materials are given in Fig. 3, 
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III. DISCUSSION 
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absolute temperature and k is the Boltzmann constant. A critical 
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U was calcUlated for all five states and plotted ·against: ·the :··-· ">·::·~.;::;> .. _. 
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scatter. is apparent, the tendencies shown by the three materials·are 
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1·: ·. ·:·<,·::+.< ... The analyses of Figs. 5 and '6 suggest that the Peierls mechanism_ 

superseded at low stresses (high. temperatures) by some other inechan~.': >- ·_ 
. . ~ . "' . ~.;,' ... · .• 10 

-··_::For the Peierls mechan~sm, . . , .: · -·' 
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p is the dislocation density, a is 'the distance between adjacent · ·.-,. -·.· · 
.... :_. .. ' . . "'~~· ' . 

valleys, v is the· De bye frequency, L is the length of· dislocation . ·:·. :;: .:.':: 
. :: .. :.f .. :. 

a distance a by the riucleatio'n of a single pair of kinks and w · 0:.:-;· .. . : .- ·• 
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, ; ;::_ Uk: is the energy of an isola,ted. kink, T is the test temperature_ and T c ._ 
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,•' ·. ·',·.<; :;;· ...... . 

' . ' ' ~ : • ~ I ... 

': ': ,!;>· 

· ' .\· · '· -_. and consequently depends on y. 
. ': 

Both Uk and Tp change with te~perature 

; ;:_ '· · ·in the same way as the shear modulus but this effect is small and has 

· · ;· .: · .. : :been neglected here.· The theoretical T*/T versus T/T 
.. -._ .. , · ..... ~. ' .. ' '" p c curve of Eq. (6) 

·' -~ . .~ .. •. • • ' ; ! ' l . I : ; •' 

.. ·· ; ..... :,,; :·is given by the solid line of Fig. 7 ~ Since Tp and Tc 
• ·' 4 • •• 

~-;~- :< ~- ·~·i 
....... 

·. ' ·~ 
~ ' . ' . 

are not-directly 
i '. 

available from the data, the data were compared to master plots of the 

theoretical relationship for different values of T . and T • All of the 
p c 

: ·, '· data was examined in this way, this included a re-~alysis of the data 

· -.for the impure 'material which yielded es.sentially the same parameters 
. :·· 1 

.. •.· · · as had been determined earlier (c. f. reference 9) • . The values of· T , T 
. ';.' 

. . :. 

1-: 
:, i ~- ~ .. ~ 

-:. ) . . ~ .. : 

p C· 

and TA obtained in this way are listed in Table 1. The data points 

suitably reduced by means of the parameters of Tabl'e 1 a·re given in 

•·. 

. .•. 

. . .,_ . . ; ~~ . 

,·; 

... ' 
: ·' 

.. · ,. 

'• .. . •'. 
::.' 

. . Fig. 7, where it can be seen that the upper tempera;t ure limit for agree~ , · . : 
.. 

·. , ... 

.. ;.' ,, . 
,~·: '._ ... ·· ·. ment with the Peierls mechanism has· not been. significantly affected 

/i.•;,> •. ,.,. by the reduction of the interstitial impurity concentration. The 
i. 

·:'_'.:-values of 2Uk in Table 1 were obtained from ; · 

.- .··;_ 

• 40 •• . •' 
• ;··· 1 

• • ... ~. > •• : 

. ' ~ ' 
• ' :~·- ,· ~.1 • 1 ••• 

' : · .... : ~- ... ~. ';_-~ ... ' 

-~<·:·-:?:>< ·: . :; ';' · .. 

\ 

exp( -2Uk/k';l'cl) · 

= exp(-2Uk(kTc2 ) 

: , ••• ,! 

• ! .'' 

· .. 
( 8') 

' ! .... • 

·•·.· 

· . . :- : . ·.Itt> . 

·. · .. , · ... · · · ·- '' · The kink energies obtained in this way from the different purity materiaf.s .. · ,:'y:·::·_; <.· :_.;:::: .. 

. ' . ,':A."i(' . ; ·. :\' . ::r::. ~::r:e w:::h ~:::i :::::1 :;• :q. ~:) •::t:::o:: ::e t~:::e:::::::n ... 
_, . : _,, .. _;-:: .<::·· .: . of the crit'ical temperatures Tel and Tc

2
• _ This same effect is :t-eflected 

' ·~· ... 

·;i:·.:·.> .: \ . ;~~i;:' ~;. ;: by the scatter in the values o~ U given in Fig. 6. · The line energy is ;;..:; 

!.· . ··r··. 

·'. 
,·· ,, ' 
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related in terms of;.the theory to the parameters Uk and Tp by 

where r is the line energy, and it has been aS"Sumed that the line 
0 

energy varies sinusoidally with displacement along the Peierls hills • 

The values of r obtained are given in Table 1. These values vary 0 . 

.between·l.3 and 1.9 Gb2 ~thus showing reasonable values of line energy • 

Table.l 

T dyne,s/ TA drnes/ uk ergs r ergs/· 
p T OK Tc2 OK 0. . . 

2 -a cl cm2 x 108 x 
+13 

104 em x 10 10 em x 

1 : · Impure, high state 47.5 220 245 13.9 . 5.46 7.53 

47.5 220 245 9.0 5.46 7-53 

Impure, low state 45.0 230 255 4.9 5.98 9'.54. 
.-·_;• .. 

45.0 242 6.85 

\- .... · . 
. • ... 

~ ' J 

: .. ; 

.'.·' 
• . •• : ~ •• ! ... , ... ·' . ' :. ~ . . ' 

. . ".:. ~ : ... . · .. 
: .. ·.:· :··. 

. ' ~ .. ·;,' . 
... . :· 

:_:···:; 

Wet H2 purified 

•. ZrH2 purified 45.0 

210 

215 250 

3.0 5.07 

2.8 4.93 6.48 

In view of the above analysis one can summarize the behavior of 

' . 
··to 100°K depending on purity, twinning appears to be a major mode of 

. . 1 
deformation' as has also been observed by Stein et al. At temperatures 

above the twinning range and up to about 160°K the temperature dependence 

· .. •. 

_, 
.. ~ ... . ' 
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of the flow stress is independent of the strain hardened state and 

independent of the concentration of interstitial impurities. This 

suggests an intrinsic lattice resistance to the motion of dislocations • 

, Furthermore, the independence. of the activation volume and activation 

energy oti the strain hardened state or impurity content provides 

_ . .------ .. 

additional evidence to the operation of a dislocation mechanism independent 

of these variables. Finally, the good fit of the data with the theoretical 

predictions of the Peierls mechanism confirms that this most probably 

is the rate controlling mechanism of deformation. 

The data for iron above about 160°K could not be interpreted. 

The results are characterized by both a temperature and a strain rate 

dependence of the flow stress thus indicating a thermally activated 

dislocation mechanism. The data de~ived from the impure material and 

wet H2 purified material could not be examined in detail at temperatures 

above ~400°K because of the superposition of both dynamic and static. 

strain-aging effects. The data for the ZrH2 purified material, however,· 

seems to show an athermal region beginning at ~470°K for y = 1.54 x 10-5 • 

Throughout the high temperature region, _the activation volume increases 

rapidly with decreasing stress (see Fig. 5} but this characteristic 

is affected neither by the strain hardened state nor by the purity of 

·the materiaL The change in activation vol-qme with strain at a particular 

temperature was determined by a strain rate change experiment at 340°K 

;r-.; : and is given in Fig. 8. It can be seen that the activation volume 
... ';·' :··· 

remains constant and is unaffected by strain hardening. The evidence 
~ : ,· 

,is inconsistent with the intersection mechanism and any other known 

'•<'; ·., \' 
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mechanism. The data seem to indicate the operation of dislocation 

.interactions with some intrinsic structural barrier other than the Peierls 

hills, the barrier being such that the activation volume increases 

rapidly with a decrease in stress to very high values. It was thought 

that magnetic domains might provide this kind of intrinsic barrier. In 

order to test this possibility a simple experiment was carried. out. 

Identical specimens were tested with and without an applied magnetic 

field large enough to magnetically saturate the specimen (~30 Kilogauss) 

and hence to introduce essentially a single magnetic domain in each 

grain of the specimen. The tests were carried at about 240°K where the 

presence of a magnetic effect should have been most apparent. The 

. !. · application of a magnetic field was found to have no effect on the flow 

1_.· 

.·,-: 

.. . . ·' .. 

. '; "): ,·· 

-·;. 

·' '• ., , . 

. ·': .. · ... · 

' ' .·.-, .. ,··. 

~·-; .. i ::. : ' 

,. '. 

'·.·· .. 

·- ...... ,.·,. 
•• }- {I 

' · .. ' \I, 

stress or the activation volume. The nature of the intrinsic ·barrier 

is yet open to speculation • 

Returning to the Peierls.controlled temperature region, the. 

· results of this inves~igation are found to be in disagreement with those 
. . 1 

obtained by Stein et al. In their work on iron single crystals 

cont~ining comparable levels of interstitial impurities, they found a 

significant drop of the temperature dependence of the flow stress with 

decreasing interstitial concentration. The source of disagreement is 

difficult to trace; however in more recent work, Keh11 indicates that 

the flow stress of iron single crystals does not seem' to be much affected 

. by ZrH2.purification, thus conf~rming the trends reported here for 

polycrystalline Fe. 

.· 
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In some work on microyielding of iron at low temperatures, Kossowsky 

and Brown
12 

have shown that the temperature dependence of the stress 

for dislocation motion .is strongly dependent on the strain. This is 

explained in terms of a number of different Peierls type barriers 
. 

·.acting in 3 stages. The initial small reversible strains are interpreted 

as the straightening out of pre-existing kinks in a randomly oriented 

dislocation, a second stage is thought to represent the generation of a 

pair of kinks and a last stage is associated with a Peierls controlled 

·cross slip. It is clear that the strain sensitivity of the deformation 

process fits in well with the concepts of the Peierls mechanism since 

pre-existing kinks will undoubtedly be straightened out at low stresses. 

Moreover, Kossowsky and Brown's suggestion of a Peierls controlled 

cross slip is re.asonable, however this canno't be viewed as a separate 

mechanism since the Peierls barrier confronting a dislocation that is 

about to cross slip or about to continue on .its original slip plane is 

identical. In both these cases, a pair of kinks must be nucleated over ' 

a Peierls barrier and no additional work.is_required in the case of' 

cross slip of an undissociated dislocation. Kossowsky and Brown's 

second stage probably merely represents a transition between straightening 

out of existing kinks and nucleating new ones • 

·IV. CONCLUSIONS 

The results obtained can be summarized as follows: 

(1) The temperature dependence of the flow stress is independent 

of the strain hardened state or the interstitial impurity 
.. j . 

., 
r 
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concentration. 

(2) Below 160°K, the large temperature dependence of the flow 

stress can be explained on the basis of the Dorn-Rajnak theory 

of the Peierls mechanism of plastic deformation. --- . 

. 
(3) Above 160°K, some other the~ally activated intrinsic 

mechanism seems to be operating. 

(4) Removal of interstitials merely decreases the athermal 

stress level. 
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