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DISLOCATION MECHANISMS IN AN TRON- MANGANESE AILOY
AT LOW TEMPERATURES

Paul Pinhas Wynblatt
Inorganic Materials Research Dﬁ#ision, Lawrence Radiation Laboratory
Department of Mineral Technology, College of Engineering.

University of California, Berkeley, California

ABSTRACT
June 1966

The effect of strain rate,ftemperature and interstitial impurity

i

concentration on the floW'stresé was investigated in a polycrystalline

!
I}

'1ron 2% manganese alloy. The témperature dependenée of the flow stress

!

 was found to be 1ndependent of" the interstitial impurity concentration,

" removal of intefstitials merely?decreasing the athermal stress level.

Below 160°K, the large temperatﬁre dependence of the flow stress was

1nterpreted in terms of the Dorn Rajnak theory of the Pelerls mechanlsm

of plastic deformation. Above 160 X, some other thermally activated

intrinsic mechanism seems to be;operating.
i
i
|
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I. INTRODUCTION

The strong temperature deﬁendence-of the flow stress of b.c.c.

‘iron at low témperatures has beéen studied by numerous investigators

and interpreted in terms of se%eral different thermally activated

._diélocation mechanisms. The following mechanisms have been proposed:

(a) Interactlon of dlslocatlons with interstitial
1mpur1ty atomsl ,or with solute atoms in general

(b) Intersection of:dlslocatlons with clusters of
impurity atoms,?

(¢) Resistance to the motion of dislocations due

‘ to jogs on ecreﬁ disloeations,

(d) ‘Resistance to tﬁe motion of dislocations due to

the Snoeck effect’ |
(e) Interaction of éislocations with the intrinsic

resistance of tﬁe b.c.c. lattice or Peierls' "hills".

and,
6-8

In preﬁious work,9 it was; found that the plastic behavior of

- polycrystalline iron contalnlng 2 wt.% Mn (and 100 p.p.m. carbon +

nitrogen) is in good agreement w1th predictions based on the Peierls'

mechanlsm10 from T7°K to 160°K whereas from 160°K to about 370°K another

i

‘as yet unidentified thermally actlvated mechanism is operatlve.

The purpose of the presené investigation ﬁas to determine the-
effect of intersfitial impuritfes on‘the temperature dependence‘of the
flow.stress, b&‘purifying the ﬁreviously investigated alloy wifh respectv
to interstitial impurities. The 1nvest1gat10n revealed that removal
of the 1nterst1t1al 1mpur1t1es to a level that ellmlnated Cottrell
locking and the Portev1n-LeCha§e11er effect affects neither the strong

temperature dependence of the flow stress at low: temperatures nor the .
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general characteristics of the?higher temperature behavior. Such

purifiéation, however, loweredithe athermal yield stress.

1. EXPER.’IMENTAL%PROCE'DURE AND RESULTS = - o v

- The material used in thiséinvestigation consisﬁed of an iron | |
2 wt}% manganese ‘alloy having éhe following additional elements
present: 0.004% C, 0.006% N, é.os% 0, 0.004% P and 0.001% Si.
This wés ﬁﬁe same material as %hat studied in the previous investigation
and will henceforth be referreé to as the "impure material". The
" as received 3/8? x 3/L4" hot roiled bars were cold rolled to 0.08" -
thickness, recrystallized unde% aréon }or 30 minutes at 800°C.and‘
further cold rolled to 0.053" #hicknéss.> Flat ténsile specimens 1/4"
wide having a 1.625" long gagegsection were machined from the sheet |
and then'pﬁrified. Vi

The first stage of purifiéation consisted of holding the specimens

at 850°C for 24 hours in a'str%ém of hydrogen saturated with water
vapor at room tempersature. Maéerial prepared in this fashion will
subsequently be referred to asg"wet hydrogen purified ﬁaterial"a It

i

has been estimated that this type of treétment reduces the carbon
content of iron to less than Sgp.p.m.
The second stage of purification consisted of holding the specimens

in a closed system through whiéh hydrogen was circulated past the . : )

heated specimens as well as a zirconium hy&ride getter. The specimens

<

i
were held at 850°C and the getter at 800°C. The process was continued .
for 212 hours. The starting méterial for this process was wet hydrogenﬁ'

|
|
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.tests the temperature variatioq was less than $2°C.

. purified material. Material pfepared in this manner will be referred
to as "ZrH2 purified material". The technique used was substantially

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

the carbon level at the end ofﬁthe process is reduced_té?aﬁout 5
parts per billion. .
All tensile testing was cerrled out on an Instron Testlng Machine
!
either in controlled temperature baths or at fixed point baths such

as b0111ng 11qu1d n1trogen, etc... When fixed points were used the

temperature was kept constant to better than *1°C whereas in all other
! B

Test of Purity

It was not possible to detkrmine the purity achieved at each

stage of the purification becau%e the resulting level of interstitial
{

impurities was well below the limit of sensitivity of standard

analytical techniques. It was'bossible, however, to obtain a qualitative

measure of the extent of purifibation from the.appearance'of.the

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

strain_curves for the three difierent materials tested at 300°K. It

can be seen that the effect of wet hydrogen purlflcatlon on the 1mpure
l

materlal was threefold The upper yield point was entlrely ellmlnated
i

the lower yield stress was. decreased and the extent of Luders band

strain was reduced by about a factor of ten. The three effects provide
!

. strong ev1dence that a 51gn1f1cant reduction of the 1nterst1t1al content

‘was achleved‘ The effect of ZrH2 purlflcatlon was to ellmlnate all

yleld and Luders band phenomenai These trends are in substantial
9



-3~

N
O

1 — Y v T T
(D tMPURE MATERIAL - o

(® WET Hp PURIFIED MATERIAL =

® ZrH, PURIFIED MATERIAL

o
T

‘/@/‘

: STRESS (dynes/cm? x10°®)
e

o _
61— _
41— -
2-— : —
fo) NN

l | I
O 2 4 6 8 1012 14 16 18 20
PLASTIC STRAINx|0®> —

Figure 1. Stress-strain cufves at 300°K on original specimens. ‘

MU -37205



~3b~

n
O
-

I8} -
| 6} R
14 ~

N

® O

STRESS (dynes/cm? x10®)

6
4

(D IMPURE MATERIAL

2 (® WET Hp PURIFIED MATERIAL =
o ‘| l@ IZr;Hg PURIFIED ‘MAITER-llAL l

O 2 4 6 8 1012 14 16 18 20
PLASTIC STRAINx10%—

Figure 2. Stress-strain curves at 523°K on original specimens.:

MU -37206



agreement with those obtained bf Stein et‘al.'L

Figure 2 shows the stress—;train cﬁrves for the three_materials
tested at 523°K. It can be see& that the impure and wet hydrogen‘
purified materials exhibited a éarked PcrtevinaLeChatelier effect
indicating that interstitial imﬁurities were still present in the.wet.
hydrogen purified material. Ingcontrast to these results, however,
the ZrH2 purified material exhiéited no sign of the Portevin—LeChatelierf[
effeét thus indicating that the;conéentration of interstitial impurities

was so low as to make dislocation-impurity interactions undetectable.

Experimental Results

For conveniepce in the theéretical éhalysis, the data are presented
in térﬁs of the sﬁeaf stress foﬁ flow, T, the shear strain y and the
shear strain rgtei%. Tensile séecimens of the wet hydrogeg and ZrH2
purified materials were'prestrained at 423%K at & shear strain rate of
1.54 x 107%/sec to stress levelé of 3.6k4 x 108 and 3.21 x 108 dyneé/cmz'
respgctively. Immediately folléwing this bréstrain the temperature
bath was changed and each speci%en tested in tension at eifher"& = 1.54
x 107 5/sec or 1.54 x 10 3/sec. gThe values obtained for the stress were
within 2% of the statéd shear %tfess and *5% of the reported values
of the strain rate. The tensilé stresses were coﬁverted to shear
stresses using a factor of 1/2 énd the shear strains obtained from

I

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

y = 9.24 x 1073 offset from thefmodulus line at whiéh good accuracy Wvas

achieved in determining } and the associated flow stress.t.
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Figure 3. Diagramatic representation of testing procedure.
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Similar data for the impure material, as determined earlier,” are given

 produce a grain size similar to ihat of the impure material. Although

the different grained samples had significantly different yield stresses, , ' i

A schematic representation of the testing procedure is given in

Fig. 3. Typical experimental stiess—strain curves for the wet hydrogen

and ZrH, purified materials are shown in Figs. La and 4b respectively.

The experimentally determined flow stresses for the wet hydrogen

and ZrH2 purified materials are ﬁlotted against temperature in Fig. 5.
in Fig. 6 for comparison. ; o . ' k
The microstructures of the ?et hydrogen and ZrH2 purified materials -
o i .
were not noticeably different. However, both of these materials showed
a grain size that was about 5 times larger than that of the impure

material. In order to evaluate the effect of grain size on the measured '- K

flow stresses, some wet hydrogen: purified material was grain-refined to . . s

in eccordance with the Petch equetion, it was found that after a few

. ' !

percent prestrain the behavior of the two kinds of sample was identical.
This effeet.is presumably due to'the formation of cells of fixed size,

independent of the original graih size.

The ZrH2 purified material ﬁehaved in a brittle manner at temperatures

| b
b !

ubeloﬁ about 100°K. Metallographic examination showed that twinning

occurred in the immediate vicinity of the fracture. - . - ;

III. DISCUSSION

Examination of Figs. 5 and 6 shows that the flow stress dependence

on the temperature is independenf of the concentration of interstitial
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impurities. in earlier work,g.tce impure material was testéd in three
different stfain hardened states'and it was establiished that the tempefature
dependence of the flow stress alc not depend on the strain narde ed
state. The data from the previoﬁs investipgation were analyzed in terms
10 ' ] .
.of the Dorn-Rajnak model of dislocation motion controiled'by nucleation
fof a pair of kinks over Peieris’ébarriers and were found to fit the |
model extremely well in the range 77° to 160 K. In view of the earlier
success of that approach and of the observation that the temperature
dependence of the flow stress is:independent of the concentration of
_ interstiﬁial impurities or cf the strain hardened sﬁate (i.e. dislocaticn
”dehsity),vit is reasonable to ap#ly the same analysis to the:present
" data. - |

|

The Dorn-Rajnak Model

' It was first suggested by PeierlS'll that dislocations tend to
lie in potential valleys parailel to close packed rows of atoms. When
a dislocation is moved as a whole from the bottom of a potentlal (or
Peierls') valley to the top of a potentlal hlll its line energy is
‘increased from»Fo to'FC because of the straining of bonds 1n:the
vicinity of the dislocation corei Thus the magnitude of the line energy
. of a dislocation 1s a function of its position, y, and can be wrltten
as I'{y}. 1In the Dorn—RaJnak model the shape of the potentlal hills was

assumed to be of the form

'
+
3
o]
)
3

T{y} = < S O 12+ cos 2ny _
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"where a is the distance between parallel rows of close packed atoms

and « is a shape factor. For a = 0; I'{y} becomes a simple cosine

function of the displacement, whereas for positive or negative values

" of o the breadth of the potentiai hills is made either smaller or larger

without changing the periodicity or the maximum and minimum values

of the line energy. The stress T* that is needed to move the dislocation

line to a position3yo, part of the way up the potential hills, is

_given by 5
g ok % 27y - 2my
T¥p = (BT;y}) L E - 2-(FC - I' ) sin 2 {1 - a cos ——zfﬂ (2)
= y=y, . s
L o ' |

where b is the Burgefé?fVector of the dislocation. The Peierls  stress,

pr, is the stress neceésary to move a dislocation over the potential

hills in the absence of thermal activation and is obtained by maximizing

T* : ) S

| o - S
b= e —S 9 (341 + 8a2)Y/2][8a2 - 2 + 2(1 + 8a2)'/2)/?

p.  16a lol (3)

. When ‘a stress T? < Tp_is aﬁplied, the dislocation will move up
the Peierls’ hill to a point y, as illustrated in Fig. 7. The model

assumes that further motion of the dislocation occurs by the thermal
. : : .

- nucleation ‘of a double kink over the remaining portion of the barrier.

as shown in the figure. 1In ordér to ‘determine the critical double

kink configuration.(i.e. the shépe of the minimum energy double kink = .

i

‘having egqual probébility of moving forward or collapsing back) an

expression for the energy neces$ary to form a double'kink is set up and “

{

minimized. = The energy to form a doublefkink can be written
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g : i ) ) . .
Un ij_w r{y}as - F{yé}dx - *b(y - yo)dg . (h)

"where fﬁe first term of the'inteérand refers>€ovthe lineuenergy of the
therméllybd;splag@d dislocation ; = y{x}, the second %efm to tﬁe origina;
line energy of the dislocation wﬁén it was displaced,to y = yo.under the
stress T* and the third term to %he work done by the stréss as the double

.kink is formed. By using the Euier_equation of variatibné; calculus it
is possible to determine the‘shaﬁe of the dislocation y = y{g} for which
the énérgy‘is a minimum.v Tﬁe inéegral, howevér, could not bé-solved
Eianalytiééify‘sd that a numéficalgsolution had to be ‘obtained. fﬁié

o numerical éolutidn:relates Un;ané T*, - The energy of an isolated kink

xundef zego stress, Uk’ was obtai%éd by the same"variational_technique,

using this value of the kink ene?gy and the value of Tp obtained from -
. T . ! - , :
“Eq. (3), the numericalvrelationsbip between Un and t* was expressed

" in dimensionless form as

T*‘ ’Un) . .

A =1 A5 ' (5)

=) a

where fl is not known analytically but is available from the numerical
o

‘solution of Eq. (4). Eq. (5) is| plotted in Fig. 8 for three values of the

shape factor o ranging from -1 tb + 1. It is interesting to note that

:the relationship between Un and ﬁ* is not much affected'by’the shape
7 ‘ . o - A
of the Peilerls’ hills in the range investigated. The calculated values

- of Tp and Uk can b§ compared as'?ollows
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(6)

. i : o
It is found that the quantity K is only mildly dependent on a,
-taking on values between 4 and 6,for‘values‘df a ranging from +1 to -1.

The model also predicts the acti&ation volume v = -3Un/31¥, which is

1

obtained by numerical differentiation of Eq. (5).

It is worthwhile comparing ihe Dorn-Rajnak model to dther recent
N -

3

‘ f - 12
models on Peierls' controlled deformation due to Seegerl and to Frledell
| ,

who also assume that long range ﬁislocation motion takes place: by the
thermally activated nucleation of a pair of kinks over Peierls' Barriers.’
In their mddels, both Seegef and Friedel assume a shape for their

‘ critical configurations. Seegeréconsiders the critical cohfiguratibn to
. i

be a pair of half kinks separate? by a straight dislocation segment

and Friedel takes his kinks to be straight lines joined at a point.

Dorn and Rajnak actually caléula%e the shapevéf the doﬁble kink from
minimum energy considerations. Another drawback of the Seegef and -
Friedel models is their'aésumpti%n that the dislocation remains in the
'Peierls"valley even under an ap@lied stress, although this approximation
is not too éerious.in the case o? Seeger's model since he only.éénsiders

the situation in ‘the limit of ¥ << TP. -Seeger explicitly includes in
this caldulation the effect of ﬁink—kink interactions in a form which

: | )
may not be valid for small kink ﬁeparations. Friedel and Dorn and

Rajnak include the knik-kink intkractions indirectly via the line energy.

In their model, Dorn and Rajnak have allowed for deviations from a
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is Only slig tiy

By

‘purely sinusoidal potential and have shown that %
- affects the form of Eq. (5)." Orie can argue that the family of functions
represented by Eq. (1) is restrictive; however, more recently Dorn and
Wallace have recaleulated the energy for the casd of parabdlis

~ potential hills and find'onge again’that the shape of the:potential

-

hills is of secondary importance. Although Seeger's model allows for '

. deviations from a sinusoidal potential, his final equations are solved
i

only for the simple case. Friedel restricts his model to the sinusoidal
: : : , .
! v :

The}é.is little déubt thatéthe calculation of the enéfé&‘to‘form
a double kink ié treated most rigorously and in the.greatésf detailjby
the Dprn—Rajnak model; it dde; éot, however, enfi;ely take into éccqunt
the kink-lki'nk interactions. I

i
The next part of the Dorn-Rajnak model concerns itself with

relating the strain rate to the ‘energy Un. Here the usual approximatev‘

Boltzmann'approach is used with?the résult that
i

) -Un/kT -:f‘l-” '

Y = pab = ve ' AT

| where & is the shear strain raté, p is thevdislocatioh density,vL is

the averaée dislocation length %wept'out by a pair of kinks, w is the
critical separation of an'embry%nicApair 6f|kinks and kthas its_usual
meaning of fhe Boltzmanﬁ constaét and thé aBsolute temperature. In
deriviné Eq. (7) the simplifyiné assumption is made théﬁ"w"isvindeﬁendent

of the stress; however, the effect that this assumption.may ‘have is difficult

to evaluate. It is further.assﬁmed that even at very'low stress all

* S
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the pairs of kinks are nucleated in the direction of the applied stress

thus giving rise to strain. This is not true in the limit of very small
stresses and consequently in that limit one might expect a slight

overeatimate of the strein rakes. Howsver, tHis model nas already been

15 16 17

compared with experiment in the cases of Ag,AL,”” AgMg,” and tantalum,

.and in all those cases agreement! between experiment and theory was

L

-+ found over the whole range of stress including the low stress region in

. | 18 . e '
» question. In the case of molybdenum a slight deviation from the

theoretical line was observed but only in the range below T*/Tp ® 0.02.
‘ | ‘
It ic also an implicit assuhption of the model that all dfslocations

are lined up with the Peierls: hﬁlls and ﬁhap nc macroscopic straic oceurs
. before some_double'kiﬁks are nuciéated’oveereierls' barriers; in
mate}ials sﬁch as ircn, electron;microscopic studies have not Shown‘
dislocations'lying parallel to close packed directions.‘ The average
randcmly oriented dislocation in;a slip plane will therefore coﬁtain some
?reexisting kinks which can movegat low stresses giving'rise to some

strain before it ic necessary to?nucleate new pairs of'kinké. ;Lét_us
- briefly examine the maximum magn%tude of ‘the strains tnat couid be

contributed:by such preexisting %inks.' Consider a.simﬁle Frank network

with all dislocaﬁions.lying in sﬁip planes in a square arfayﬂ: Further

consider that the free length oﬂ a dislocation is & and. the distance

' i E
between slip planes populated with dislocations is also &. The total

@

_ length of dislocation line in a unit area of slip planéﬁwill then be
- 2/% and the dislocation density;p = 2/22. If we assume that in-the
extreme case the straightening dut of preexisting kinks will cause
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the total area of each populated slip plane to.oe swept out, then the
shear strain is simply

% b{ 1/2

=|o

Mo

For b = 10 % cm and p = los/cmZJ Y = 107H. This implies that the

contribution to strain due to sweeping out of preexisting kinks is small,

_ | _ L »
and that taking an offset of y = 10 2, as-was done here, will yield
flow stresses related to the nucleation of double kinks. It is interesting
' | ‘ _
to note that in their investigation of the microstrain region in iron,
Kossowsky and Brown have identlified the low stresses required to move
' préexisting kinks. Their work is discussed in greater detail below.

Analysis of the Results

The stress which must be aﬁplied to cause plastic flow is given
by S C
T =¥+ 0T - o (8)
“where 1*¥ is the effective stress discussed above and T is the stress
required to overcome the athermal dislocation interactions and will

consequently decrease with increase in temperature in the same way as

‘the shear modulus of elasticity%

f
i

Recalling the definition of the activéiton volume and using

"Eq. (7), one obtains

_ ey} any| _ . [asny
- —(31* = KT ( are| ~ KT ( At¥* (9)
T T T

The activation volumes deduced from the data of Fig. 5 by means

]
|
i
|
|
|
1
i

X



of Eq. (9) are plotted in Fig. § in terms of *ne stresa t.' AdtiVétioh

volumes - for the ;ﬁﬂure mater*al in three aifferent stramn hardened

7;staiesaré also included in tue ;igufe. The stress axes were ﬁisplaced

- with res pect to each other in order to bring all pcints to 4 sinhgle éurve
and to corréc? for the various values of 7,. The extent of the relati?é
displacement necdessary for the points to coincide was found to be closely

related to the differences in the flow stresses of the five states at

3009

The apparent activation energy U, can be writtven

.0
i

' U =! 821’}! 1 " Afcnr ‘ (lO)  .‘5‘

3(— J LA(‘ T _

U was célculatéd’for all!five.states and plofted againétwthe strésé
in Fig.'lo{ with the stress axes-di;placea.as in Fig. S. :Althouéh
scatﬁéf is apparent ﬁhe tendéncies.éhown by the thrée materiais ére
reasonably similar.’ |
ﬁ_ﬁ The aﬁalyses of Figs. 9 aﬁd 10 suggest that the‘Péierlg' mechanism
ié superseded aﬁ low strésseé (high temperatures) by some other mechanigm.
Lnio rder to compare experlment and theorymlt 1s nécessary to f;nd a
théoretical expression for,the dependence-of the stress ™% on the
temperature. At high'temperatures, thermal Tluctuatiéns with énergy”

’ éUkbbecome 50 frequent that plastlc aeformaﬁlon takes place even as

4T* approaches 2ero. The temperature, Tul, at which this takes place

‘ faor a given strain rate, Y,]iﬁ defined by
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- or referring to Eq. (5),

(11)

where we have written ;o = pabLy/w. Comparing Egs. (11) and (7) we

see that

(12)

(13)

Tvé
-5 (21;%,
» S

Both U

K and Tp change with;tempeiatUre in the same way as the shear

modulus but>this e}fect is‘smallgand has been neglectedlheré. The
’theoreticai T*/Tp versus T/Tc cu?ves of Eq. (13) aré therefore identical
:to the relationships given for T?/Tp versus Un/2Uk:as shown in Fig. 8.
$ince 5 and Tc are not directlyéavailable from the data, the déta were
_éompared to master plots of the %heoretical relapioﬁéhip for different

H

values of'rp and Te. All of theidata was examined in this way, this

1
!

included a reanalysis of the dat% for the impure material which yielded

-essentially the same parameters %s had been determined earlier (c.f.

{
i
i
i
i
I

reference 9), The values of T o, Tc and 1, obtained in this way are

A

listed in Table 1. The data poibts suitably reduced by means of the

parameters of Table 1 are given in Fig. 11 where the theoretical curve.

1

Y

for the case a = 0 is given by t%e solid line. It can be seen that the

' upper temperature limit for agréement with the Peierls mechanism has

not been significantly affected‘ﬁy the reduction of the interstitial

impurity concentration. Thevvqhuos of Uk

"in Table 1 were obtained from
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exp(—QUk/chl)_

/Yy = epr—2Uk/ch2) (14)

'
1

The kink energies obtained in thﬁs way from the different purity materials:

agree Talrly well anong themseivés. The scatter in the values obtalned
is due to the high sensitivity of Eq. (1k) to errors in the determination -

. and Tcg. This same effect is reflected

of the critical temperatures Tcl

by the scatter in the values of @ given in Fig. 10. The line energy is
related in terms of the theory tb the parameters Ug and pry Eq. (6).
For the case a = 0, K = 5.67. Substituting this value of K into Eg. 6)

we éangobtain:the values of To ﬁisted in Table 1. Thesé valﬁes,#afy

‘between 1.3 and l,ngz“thus shoﬁing reasonaﬁie values of the line energy.

Table 1
t_ dynes/ ! A dynes/' U, T .ergs/
2 i oy o5, 2 s, 0
cmg Tcl X Tc2 K cm ergs .cm .
x 10 | x 1013 x 10!3  x 10%
- Impure, high state k7.5 . 220 245 13.9  5.46  T7.53
Tmpure, medium state BT.5 ¢ 220 2L5 9.0 5.6 7.53
Impure, low state 45.0 . 230 255 5.9 . 5.98 = 9.54
‘Wet H, purified 45.0 = 210 k2 3.0 ° 5.0T - 6.85
ZrH, purified k5.0 215 250 2.8 . L.93 6.48

In view bf the above analygis one can summarize the behavior of
iron beioﬁ about 160°K és'félldgé. At very low tempefatﬁres, below
fOOK to lOO°K_de§énding on pﬁriéy, twinning appears'to.be a major
mode of deformation as Has also%géé; observéd by Steiﬁ et al.l) At

i

i
!
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tempefatures above the twinning ?angevand up to abouﬁ 160°K the’temperatﬁré
dependence of fhe flow stress is;independent of the strain hardened
sﬁate and in@ependent of the conﬁentration of interstitial impuri#iés.

Thie suggests en intrinsic ;att;%é regintance 10 the motien of ﬁialééatiéqé;
Furthermore,'the.independence of?the ectivation volume and_activétidﬁ
energy on the strain hardened stgte or impurity content provides additional

 vevidence to the operation of a Qislocation mechanism independent of these

fariables. Finally, the good fi& of the dgta with the theoretical predictions
of the Peierls mechanism confiﬁms that this most probabiyfié the rate

.controliiﬁéTﬁéChaﬁism of deform%tion.

' Iﬁ is“dlso'possible to shoﬁ thatzthe other proposed mechanisms

. described in the introduction aiejinconsistent with the results reported
here. ‘

Stein et al.l have_propése@ that deformation in iron is ééﬁtrolled--
by thé.interaCtion of dislocatigns with interstitial impurity étoms;

They have proposed no quantitatfve model but regard theideérease in the

'

strong temperature dependence of the flow stress with decrease .in

1
l

interstitial impurity concentration as conclusive evidence for their
‘point of view. In the present work, no such decrease in temperature

.dependence of the flow stress wés observed on purification. The
discrepancy between the resultsiof Stein ét al. gnd the present work
aré further discﬁssed below; ‘

| Fleischer2 hasvproposed a éuantitative model fbr the interactién'

‘of dislocations with tetragonal lattice distortions (whatever the

nature of the impurity causing ﬁhe distortion). Although Fléiécher _

i

e,



&

has not applied his theory to thé case‘of interstitial impurities in
body centered cubic metals, it has 5een suggested that this could be:
done.l The equations qf Fléischér however make the flow étress a
function of impurity concentr"tibn and this has not been obéerve@ in
this‘work. The samé type of objéction applies to the.suggestionlof
Mordike and'Haasen that the‘defdrmation proééss.is ;ontrolled by‘inter;
actions of dislocations with cl&sters of impurity atoms.

Schoeckh has proposed thatédeformation in iron may be controlled

by jogs on screw dislocations. iIf this is so one would expect the
. |

activation energy for deformation to be close to the ‘activation energy

for self diffusion. The activation energies derived experimentally

and reported in Table 1 are only about one gquarter of the energy for

© self diffusion thus making this mechanism unlikely.

that this type of interaction was athermal.

Scﬁoedk's earlie; sﬁggesiiéns that Sru;eck'type inferactioné of
interstitial impurity atoms witﬁ dislocationé might account for the
large temperature depéndence of;the flow stress was shown to be incorrect
by Schoeck and Seeger.zo On making a detailed analysis, they concluded

'

The data for iron above abbut 160°K could not be interpreted. The
! 1

results are characterized by boﬁh a temperature and a strain rate

depéndence of the flow stress thus indicating & thermally activated

- dislocation mechanism. The‘datg derived from the impure material and

wet Hé purified material could not be examined in-detail a£ temperatures

above VH00°K because of the superposition of both dynamic and static -

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



‘field large enough to magnetically saturate the specimen (30 Kildgauss)

seems to show an athermal region veginning at WLTCPK for vy = 1.54 x 1055,
. 1 . ’

Throughout the high temperature region, the activation volume increases -

rapidly with decreasing siress (see Fig. 9) but this characteristic

is affected neither by the strain hardened state nor by the purity of
. o e . el - - . s :
the material. The change in activation volume witn strain at a particular

" temperature was determined by a.strain rate change experiment at. 3L0°K

and is given in Fig. 12. It can be seen that the activation veolume

; : i » - . .
remains constant and is unaffected by strain hardening. The evidence

is inconsistent with the intersection mechanism and any other known

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 inAstreés to very high values. It was thought

that magnetic domains might provide this xind of intrinsic barrier.

i

In order to test this possibility & simple experiment Was carried out.

Tdentical specimens were tested with and without an applied magnetic

i
'
'

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

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

is yet open to speculation}

Returning to the Peilerls cbntrolled temperature fegion, the

results of this investigation are found to be in disagreement with those

Al
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“required in the case of cross slip of an undissociated islocauion.

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

stress can be explained on the basis of the I

o]

orn-Rajnak
theory.ofbthe‘Peierls‘mechanism of plastic deformation.

(3) Above 160°K, some other thermaliy activatea intrinsic-

mechanism seems to be operating.

(h) Removal of interstitials merely decreases the athermai-stres;

“level.
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