
-   -/-1-          .......  ... 1. --- .S--- ... y

'. -

-                            (i COO-1367-72

W - 760962-4

IRRADIATION SOFTENING IN PURE IRON SINGLE CRYSTALS

by

M. Meshii

Department of Materials Science and Engineering

The Technological Institute

Northwestern University

- Evanston, Illinoi4  60201

U./S. A.
1\

f

NOTIC[
1 This report was prep.red as an account of work

1
sponsored by the United States Government. Neither

* the United States nor the United States Energy
Rescafch and Development Administration. nor any of

MASTERtheir employees, nor any of their contractors,
subcontractors. or their employees, makes any
warranty, expre' or implled. or assumes any legal
liability or responsibility for the accuracy. completeness
or usefulness of any information. .pp.Itus, product OI
process disclosed, or represents that its use would not
infringe privately owned rights.

Presented

at the

United States-Japan Seminar

on

"Radiation Produced Defects and Defect Clusters and Their Effects in Metals"

at

Iowa State University

Ames, Iowa

September 28-30, 1975

bISTRIBUTION OF THIS DOCUMENT IS UNLIMITED-.  



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



(

Introduction

Electron irradiation of pure iron specimens at a temperature kept

below the major recovery steps of stage I produces primarily single

iuterstitials and single vacancies distributed nearly randomly (except ·

for the close proximity of paired interstitials and vacancies).  There-

fore, upon plastic deformation following such irradiation, one can study

specifically the effect of the interaction between a dislocation and

randomly distributed point defects.  It has been shown that the effect

in fcc metals is a significant hardening and that the hardening(1,2) .

results primarily from the presence of interstitials.  The magnitude of

the hardening can be represented by the equation

1

87    =   FAcl,                                                                                                              (1)

where AT is the increase in resolved shear stress due to the irradiation,

B is the shear modulus, and C is the concentration of the point defects.

a is called the strengthening efficiency coefficient and varies from

one material to another.  The magnitude of 0 is related to the strength

of the point defect [size and strain(3)] and the structure of the dislo-

(4)7
cation [width(3) and effective core size J  and is· usually large for the

electron irradiation, indicating a strong interaction between a dislocation

and an interstitial.

There is no reason to believe that this situation (strong dislocation-

interstitial interaction and relatively weak dislocation-vacancy interaction)

should change drastically in bcc metals.  Nevertheless, in iron, the effect

of low temperature electron irradiation was found to be opposite to the

(5,6)
effects observed in fcc metals. That is, the effect is softening

instead of hardening.  A theory has been proposed to explain the softeni
ng
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effect as due to the dispersed point defects with a strong misfit strain

field.(7   The theory suggests that the opposite effect is caused by the

difference in the mode of dislocation motion between the two structures.

The theory also predicts that the hardening as. well as the softening can

be caused by point defects with a strong misfit strain depending on .the

relative strength of the misfit and lattice resistance and the temperature.

At the same time, the theory supports the intrinsic mechanism for the low

temperature strength of bcc.metals and solid solution softening.

On the other hand, support for the extrinsic mechanisms(8-10) has

been reported frequently in recent years; therefore one should not ignore

this possibility.  Further work must be carefully designed to understand

the two sets of possible answers.

Since the irradiation softening phenomenon in iron appears to be a

key to understanding the mechanism of dislocation motion in bcc metals,

we have investigated the characteristics of this phenomenon further and

report the findings here.  The important finding is the dependence of the

irradiation softening on the crystallographic orientation of the tensile

axis.  For the largest softening orientation, the temperature and strain

rate dependence of the flow stress were also examined.  Details of the

(11,12)
specimens and of the irradiation have been reported previously.

Orientation Dependence

The dependence of the yield stress of bcc metals on the crystallographic

orientation of the tensile axis is well known. · , However, the correlation(13)

of this orientation dependence with the effects of solutes, or point de-

fects, has not been investigated except in a few cases. In the present
(11)

investigation two directional parameters, A and X, are used to describe the
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orientation of the tensile axis and they were varied in order to

examine the irradiation effect.  k represents the angle between the

tensile axis  and the primary Burgers vector, a/2[11T],  and  was  46'  when

x was varied to examine the effect.  X represents the angle between the

[101] direction and the normal to the maximum resolved shear stress plane

containing the primary  Burgers vector.  Therefore the maximum resolved

shear stress plane coincides with the (2Tl), (101) and (112) planes for

X =  - 300, 00   and 300 respectively. These three special cases are called

the soft {112} slip (the slip direction is the twinning direction), the

{110] slip and the hard {112) slip (the slip direction is the anti-twinning

direction).  Transmission electron  microscopy revealed that screw dislo-

cations of at least two Burgers vectors (sometimes four for the specimens

oriented near the soft {112] slip) coexisted with substantial densities

from the onset of the macroscopic deformation in the iron specimens.  The

variation of the irradiation softening with X was quite spectacular.  At

X - - 300 the irradiation effect was hardly apparent in the stress-strain

relation; however, at X 2 300 a large softening effect was observed.  With

18the maximum dosage used in this investigation (1.5 x 10   e/cm2) the

yield stress (expressed by the tensile stress) was reduced by 60%.  The

resulting yield stress  was - 25 kg/mm2 at 60' K, the lowest yield stress

ever reported in iron at this temperature range.  The irradiation softening

effect for X=0 was mild, a reduction of yield stress by 10% with similar

irradiation.  Consequently, the post-irradiation yield stress decreases

spontaneously with X from - 30'  to 300.

The effect of X was examined at X = 300 where the maximum softening

took place. The softening effect remained large as k was increased from  ,
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45'  to 55' .   On the other hand, when X was reduced slightly from 46' , the

magnitude of the softening was less than 20% at X 8 39  ·

Temperature Dependence of Yield Stress

The temperature dependence of the yield stress, Bc/aT, was increased

by the irradiation in spite of the fact that the magnitude of the yield

stress decreased. Therefore the fraction of softening was large between

400  and  800 K. A smaller softening effect was observed  at  4. f K. *
--/

Strain Rate Dependence of Yield Stress

Since electron irradiation improved the ductility of the iron, the

strain rate cycling could be applied repeatedly to the irradiated speci-

mens and the strain rate dependence could be reliably determined over the

temperature range  from  4. f   to  80' K. The irradiation increased the strain

rate dependence significantly.  The strain rate dependence decreased with

plastic deformation.  The strain rate dependence also increased with the

temperature and reached the maximum between  400  and  600 K. It appeared

to decrease with a further increase in temperature.

Recovery of Irradiation Softening

When the irradiated iron specimens were annealed at a temperature

above 80' K the softening effect was reduced. This recovery peak of the

irradiation softening centered  at  100' K and the recovery effect appeared

to  saturate  near  150' K.

*

*  The electron irradiation increased the ductility of the iron specimens;

therefore no prior deformation was necessary to deform  them at  4. f K.

However, without the irradiation the specimens, particularly of the

hard  {112) slip orientation, mdst be prestrained  at 690 K prior to  the

4. f K  deformation.
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Discussion

The recovery of electron irradiated iron indicates that no major

recovery steps exist below 700 K. Since the 2 MeV electron irradiation(14)

produces almost exclusively Frenkel pairs which are expected to distribute

nearly randomly throughout the lattice, it is therefore difficult to con-

sider any mechanism other than one based on these Frenkel defects.  The

magnitudes of the dislocation-interstitial interaction and the dislocation-
C

vacancy interaction were estimated earlier in fcc metals indicating
(15)

that the former is considerably larger than the latter.  If one assumes

the interaction to be primarily elastic in nature, a similar situation

i should exist in bcc metals.  Therefore the most logical explanation for

the observed effect is that it is caused by the interstitials of  nearly

random distribution.

An electron microscopic investigation was carried out to examine(16)

the dislocation structure of irradiated and unirradiated iron single

crystals after deformation at 600 K. There was very little difference  in

structure between the two types of specimens except that a few times

higher dislocation density was found in the irradiated specimens.   In° both

cases, screw dislocations were uniformly distributed throughout the speci-

mens.  This structural observation supports a softening mechanism due to

an increase in dislocation mobility (or a decrease in the stress sustain-

ing a certain dislocation velocity).

A theory has been proposed to explain an increase in dislocation
(7)

mobility by point defects.  The formation of double kink is promoted by a

local misfit strain, since its stress field exerts a couple force on a

screw dislocation.  Consequently, the energy to form a double kink is
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reduced at one side of the misfit strain center.  The softening effect is

prevalent in the low temperature region; in fact, the mechanism predicts

a hardening effect near and above room temperature. Therefore it has

been suggested in the paper that the mechanism of the electron irradiation

softening is similar to that for· solid solution softening and that s61id
--

solution softening and solid solution hardening can arise from the same

mechanism depending on the experimental conditions such as temperature,

solute (misfit strain center) concentration and relative strength of

misfit strain to intrinsic resistance to screw dislocation motion. Un-

fortunately, it is not possible to examine experimentally the effect of

self-interstitials on yield stress in the high temperature regime, since

the majority of the interstitials anneal out during stage I recovery and

those Which survive this recovery stage would not be distributed randomly.

The above-mentioned trend has been observed in many solid solutions which

exhibit the solid solution softening phenomenon.

The preceding discussion presumes that the low temperature strength

of iron (therefore perhaps other bcc metals) arises from the intrinsic

lattice resistance to dislocation motion and that the solid solution

softening can be explained by an intrinsic mechanism.  However, there have

been a number of opponents to this point of view.  In fact, there are cases

in which an extrinsic mechanism such as gettering bf carbon and nitrogen

atoms in iron by titanium (scavenging mechanism) has been reasonably well

(8)established. It has also been proposed in a series of recent investi-

gations in niobium and tantalum base alloys that the solid solution soften-

ing effect occurs exclusively in ternary systems and that the softening

effect is attributed to the effect of the solute-solute interaction on
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2                                   (17,18)
i dislocation motion. Therefore there should be a discussion on the

· possibility or impossibility of an extrinsic mechanism to explain the ob-

served irradiation softening.
1

The purity of the specimen must be examined first as the impurities

I may  still  be the primary cause  of  the low temperature strength.     The

initial material, the Battelle-AISI iron, is reported to contain less

than 5 wt. ppm of non-metallic impurities and about 30 wt. ppm of metallic

impurities.  The single crystal growth and the subsequent annealing were

carried out in the ZrH2 purified hydrogen atmosphere; therefore the inter-

stitial content should have been substantially reduced.  Earlier experi-

ments using less pure specimens (insufficient purification by hydrogen or

Ferrovac E iron as tli-e starting material) indicated that the irradiation

softening effect appeared to decrease with increasing impurity content.
(5)

In conjunction with the fact that the substantial softening occurs in the

range  of self- interstitial concentration -  100  ppm  and  the  fact  that  the
t

interstitials do not migrate substantially below 80' K,  it is highly unlikely
1

that the electron irradiation softening is caused by the interaction

(neutralization) of the impurities present in the specimens with the

irradiation-induced defects.

Other experimental observations support this conclusion.  It was

reported that the electron irradiation increased the microyield stress

-4
(determined as 10 plastic strain), although the macroyield stress was

reduced.  If the irradiation is to reduce the resistance of the impurities

to dislocation  motion, it is difficult to explain the hardening effect

on the microyielding.  However, the intrinsic mechanism proposed in this

report provides a logical explanation for this seemingly contradictory



observation.  As the predominant presence of screw dislocations indicates,

there is a mobility differential between edge dislocations and screw dis-

locations.  The edge dislocations move at a stress considerably lower than

that for the screw dislocations.  Since no couple force is exerted on the

edge dislocations by a misfit strain, the presence of any point defects

only increases the resistance to the edge dislocations.  Thus an·increase

in microyield stress occurs.  A decrease in macroyield is to be expected

as the latter is determined by the motion of screw dislocations. It is

equally difficult to explain the orientation dependence of the electron

irradiation softening effect by the solute-solute interaction mechanism

or any other extrinsic mechanism. Although no details have been worked

out, it is possible to explain the orientation effect by the intrinsic

mechanism.  The orientation dependence of the yield sttess of pure bcc

metals can be understood by the asymmetric core structure of screw dislo-

cations or by the asymmetric distribution of the potential for the dis-

location motion to different directions.  The core configuration or the

potential distribution may be extremely sensitive to the local atomis

configuration (or the local strain field).  The presence of interstitial

atoms would change the configuration significantly and may cause the ob-

served orientation dependence of the softening effect.

The recovery of electron irradiation softening also tends to negate

an extrinsic mechanism. The long range diffusion of interstitials should

enhance the interaction and clustering with the impurity atoms.  As the

observation showed, the softening effect almost completely disappeared

after the recovery stage where the interstitial migration is thought to take

place.
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The electron irradiation also changes the shape of the stress-strain

curves. For the specimen orientation which exhibited the largest softening

effect, the bork-hardening is relatively small in the unirradiated state.

On the other hand, in the irradiated specimens a rapid work-hardening

follows the yielding.  This may be interpreted to mean that a different

dislocation-dislocation interaction is in operation; therefore the mode

of plastic deformation is different between the irradiated and the unir-

radiated specimens.  However, upon annealing of the specimens irradiated

and deformed, the flow stress does not exceed the flow stress of the un-

irradiated specimens deformed similarly.  Therefore the apparently high

work-hardening on the irradiated specimen must be due to the annihilation

of the interstitials promoting the dislocation motion.  This conclusion

is in agreement with the electron microscopic observation discussed earlier.

The irradiation softening is not a phenomenon limited to iron single

crystals irradiated with electrons.  The softening was reported also in

the electron-irradiated polycrystalline iron, (6  in the neutron-irradiated

(19)
iron single crystals and in the neutron-irradiated polycrystalline

iron. The common observation among these experiments is that the(6)

softening effect was observed when the specimens were irradiated and tested

li

at.a temperature below the major recovery in stage I (stage Ic and Id at

- 800  and - 100' K respectively. This suggests the dispersed inter-(14)

stitials as the common cause for the softening.

In conclusion, the observed irradiation softening effect can be explained

by the intrinsic mechanism, namely, the interaction of screw dislocations

with randomly dispersed interstitials.  At least some of the solid solution

softening phenomena observed in alloys can be explaindd by the same mechanis
m.
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However, the alloying may be accompanied by an addition
al effect such as

solute segregation to dislocations which may also strongly a
ffect the

yield stress.  This effect may mask the softening effect partiall
y or

totally.  Changes in the dislocation structure of deformed 
specimens

caused by alloying, which are often reported in electron microscopic in-

vestigations, support this contention.  The alloying, therefore, may not

be as good as the low temperature irradiation in studying th
e effect of

random solutes on dislocation motion and yield stress.

ACKNOWLEDGEMENT

The research on which this paper is based is supported by the

U. S. Energy  Research and Development Administration (formerly AEC)

under the contract AT(11-1)1367.



- 11 -

BIBLIOGRAPHY

(1)  M. Meshii, T. Mifune and K. Ono, Proc. Int. Conf. on Strength of

Metals and Alloys, Supplement to Transactions of the Japan Institute

of Metals 9, 193 (1968).

(2) K.-Ono and M. Meshii, Trans. A. S. M. 60, 426 (1967).

(3)  T. Mifune and M. Meshii, Acta Met. 12, 1253 (1969).„  '

(4)  T. Mifune and M. Meshii, Journal of Phys. Soc. Japan, 29, 579 (1970).

(5)  A. Sato, T. Mifune and M. Meshii, Proc. Second Int. Conf. on Strength

of Metals and Alloys, p. 747 (1970) A.S.M.,Metals Park, Ohio.

(6)  P. Groh, F. Vanoni and P. Moser, Proc. Int. Conf. Defects and Defect

Clusters in BCC Metals and Their Alloys, Gaithersburg, Md., Nuclear
.l»

Metallurgy, vol. 18, AIME, New York, p. 19 (1973).

(7)  A. Sato and M. Meshii, Acta Met. 21, 753 (1973).-

(8)  W. C. Leslie, Met. Trans. 3, 1 (1972).

(9)  R. L. Smialek, G. L. Webb and T. E.Mitchell, Scripta Met. 3, 33 (1970).

1

(10)  K. V. Ravi and R. Gibala, Acta Met. 18, 623 (1970).
l

(11)  A. Sato and M. Meshii, phys. stat. sol. 18A, 699 (1973).

(12)  A. Sato and M. Meshii, Scripta Met. 8, 851 (1974).
-

(13)  For a review, J. W. Christian, Proc. 2nd Int. C6nf. on  Strength of

Metals and Alloys, p. 31 (1970) A.S.M., Metals Park, Ohio.

(14)  A. Sato and M. Meshii, phys. stat. sol. 22A, 253 (1974).

(15)  M. S. Bapna and M. Meshii, phys. stat. sol. 40, 725 (1970); 51, 437 (1972).

(16) J. Nagakawa,  A. Sato and M. Meshii (to be published).

(17)  M. G. Ulitchny, A. A. Sagues and R. Gibala, Proc. Int. Disc. Mtg. on

Defects in Refractory· Metals,   p.    245 (1972) S.C.K./C.E.N.    Mol,

Belgium (1972).

(



+                                                                                                                                                                                                                                                                1
*                                                                                                                                                                                                                                              1

- 12 -
t

(18)  M. G. Ulitchny, A. K. Vasudevan and R. Gibala, Proc. Third Int. Conf.

on Strength of Metals and Alloys, p. 505 (1973) Cambridge, England.

(19)  K. Kitajima, H. Abe and N. Tsukuda, Reports of Research Institute

for Applied Mechanics, Kushu University 22, 209 (1975).- i

(.

9


