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PLASTIC DEFORMATION OF HIGH-PURITY IRON
SINGLE CRYSTALS

By Yasuhisa Aono*, Eiichi KuraMoTO**
and Kazunori KITAJIMA***

High-purity iron single crystals of various sizes were strained in ten-
sion at very low temperatures to investigate the intrinsic plastic be-
haviours as a function of crystal orientation and temperature. The
ability of slip deformation at 4.2K strongly depended on the specimen
size and the specimens of a smaller size (0.2 mm in diameter) could be
deformed by slip at any orientation. Several characteristics of slip in
iron were obtained from tensile tests in a wide temperature range 0.7
to 400K, namely, i) the 7,—% relation of asymmetric concave type
(orientation dependence of yield stress), ii) (101) slip plane for gliding
of primary dislocations at 4.2K, iii) a hump on 7,—T curve (tempera-
ture dependence of yield stress), which corresponds to a peak on A*—7,
curve (stress dependence of activation area). The results were consis-
tently interpreted from a standpoint of the intrinsinc lattice friction
(Peierls mechanism) to a screw dislocation motion and the nature of the
core structure of it.

Key words: Iron, High-purity, Single crystal, Plastic deformation,
Peierls mechanism, Screw dislocation

1. Introduction

On the tensile properties of iron at very low temperatures, many
studies have been made since the early investigation by Allen et al.?.
As a well-known fact, twinning and cleavage fracture generally occur at
low temperatures below 77 K. The investigation of slip deformation is,
therefore, interrupted by twinning since cleavage fracture has been also
known to be caused by twinning. Thus lack of data of slip deformation
at very low temperatures has so far become a main reason why the
fundamental aspects of plastic deformation in iron had not been resolved
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128 Y. AONO et al.

yet in spite of many investigations. Namely, the fundamental characte-
ristics such as yield stress for slip at a certain temperature, fundament-
al slip plane and comprehensive explanation of deformation mechanism
(for the whole temperaturé range), can not be made clear unless the
experiment at very low temperatures is performed.

If a critical stress essentially exists in twin deformation, it is impos-
sible to investigate characteristics of slip in the range of higher stress
than it. Recently, however, successes?™® in slip deformation at liquid
helium temperature have been reported in BCC transition metals; for
iron, Conte et al. on iron whisker?, Sato and Meshii on single crystal
plates® and Matsui et al. on polycrystals of coarse grain (bamboo type)?.
These results are important in a sense that the critical shear stress in
twin deformation is higher than that in slip deformation. These studies,
however, have not been developed to systematic studies on plastic defor-
mation in a single crystal because they were fragmental reports.

Many investigators have so far made much effort to produce a high-
purity specimen from a point of view that the difficulty in slip deforma-
tion is due to the influence of impurities in a specimen. Although such
an effort is of course indispensable to fundamental behaviour of plastic-
city, these investigations have not been succeeded yet with regard to the
subject mentioned above. An alternative method which enables slip de-
formation at very low temperatures is to give a specimen pre-strain at
a higher temperature. A specimen, however, can not be deformed by
slip at 4.2K, only by means of this method. Plastic deformation at very
low temperatures is generally considered to occur in competition between
slip and twinning. The development from twinning to cleavage fracture
will need the growth of twins with a adequate size even though the
embryos of twins are nucleated in a specimens. This process may be,
therefore, closely concerned with the specimen size.

On the other hand, on studies for examining fundamental character-
istics or mechanism of slip deformation in iron many studies®®'® have
been made since the early investigation by Basinski and Christian® and
Conrad and Scheock® in the year 1960, over the 1960’s to 1970’s. The
experimental results showed the strong temperature dependence of yield
stress below room temperature, which being contrary to FCC metals.
Two opinions sharply divided, however, have been offered to the cause
of temperature dependence. Stein, Low and Seybolt'® and Fleischer”
have maintained that it is due to locking of dislocations by interstitial
impurities of a very small amount. On the other hand, Basinski and
Christian and Conrad and Scheock have offered the opinion of the lattice
friction of a dislocation itself. After that, the latter have been experi-
mentally supported as the technique of the purification of a specimen
have been advanced. Hirsch'® and H. Suzuki'® have supported theore-
tically the latter from a point of view of high Peierls stress of a screw
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PLASTIC DEFORMATION OF HIGH-PURITY IRON SINGLE CRYSTALS 129

dislocation due to characteristic of BCC structure. Moreover, Vitek?”
and Takeuchi et al.?~*® have given strong support to this opinion
from calculation of the core structure and the motion of a screw dislo-
cation in a model crystal using a computer.

Alternatively, there is the anisotropy of slip as an important problem
among characteristics of slip deformation. Namely, slip plane have not
been generally determined precisely, in comparison with FCC metals
because slip lines in BCC metals have been well-known to be wavy.
Also, the average slip plane does not obey Schmid law and is almost
crystalographic plane at low temperatures. It has been pointed out that
the yield stress and silp systems are different for either tension or com-
pression in pure metals and alloys such as Fe?®, Mo®”, W?®, Ta? and
Fe-Si alloy®*”®. This anisotropy of slip in BCC metals have been explained
by the nature of the core struture of a screw dislocation?”**®  but the
mechanism of the anisotropy will be finally made clear only by the ex-
periment at very low temperatures.

Recently, such an interesting subject has experimentally revealed in
slip deformation that the rate eqution of classical Arrhenius type is not
established at very low temperatures in FCC and BCC metals and ionic
crystals. The physical concept which leads theoretically to the rate
equation is the thermally activated motion of dislocations over a poten-
tial barrier. Deviation from this rate equation at very low temperatures,
however, have been reported and the discussion is based on: (1) a quan-
tum mechanical tunnelling effect which aids a dislocation to overcome
the potential barrier:®~**; (2) a quantum effect on the vibrational mode
of the dislocation due to discrete energy levels and to the zero-point
vibration®®~*®; (3) a dynamical effect of dislocation motion caused by the
high velocity of the dislocation®*~?., The last effect is not operative in
BCC metals in which the deformation is governed by the Peierls mecha-
nism. Also, the experiments at very low temperatures are needed for
making this phenomenon clear.

The present study is to resolve various subjects which have been
still remained in plastic deformation in iron as mentioned above. There-
fore, the ability of slip deformation at very low temperatures was exa-
mined as first subject of study, mainly, from a point of view of the ef-
fect of the specimen size and then the fundamental characteristics of
deformation in iron were systematically investigated for comprehensive-
ly explaining the mechanism of slip deformation.

2. Experimental procedure

2.1. Materials and specimen prepalation
2.1.1. High-purity iron
Two kinds of pure iron were used in this investigation, i.e. the re-
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130 Y. AONO et al.

electrolytic iron supplied by the Iron and Steel Institute of Japan and a
pure iron of Material Research Corpolation (MARZ-grade). Their start-
ing materials are reported to contain metallic impurities of about 100
wppm and less than 10 wppm as listed in Table 1, being marked as RE
and MRC, respectively. For eliminating gas impurities in these starting
materials, carbon, nitrogen and oxygen atoms, first, the rods of these
materials were chemically polished in a 20 :1 solution of H,0, and HF
and then zone-refined at a refining speed of 1 mm/min in a flowing hy-
drogen gas, which was palladium-purified: one pass in wet hydrogen and
five passes in dry hydrogen using a HF heating-type floating-zone melt-
ing apparatus, and in vacuum of 10~* Pa (in melting state) using an ele-
ctron-beam floating-zone apparatus.

The zone-refined rods of 10mm in diameter shown in Fig. 1 were
cold-rolled into rods of 2mm in square. The intermediate annealing was

Table 1. The residual impurities in the as-received materials.
i) Re-electrolytic iron (wppm)

C N (0) Si Mn P S Cu Ni Co
40 20 13 40 43 27 45 32 41 78

ii) MRC iron (wppm)

C N 0 Cr Ti Zn s K Na
12 10 30 1 1 2 3 1 1

10cm

]
1

Fig. 1 A sample of MRC iron rod zone-refined in hydrogen gas and vacuum.
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PLASTIC DEFORMATION OF HIGH-PURITY IRON SINGLE CRYSTALS 131

performed at 600°C in a flowing hydrogen gas for rods of 8, 4 and 2 mm
in square, respectively. After metallurgically and then chemically polish-
ing, the rods of 2mm in square were finally drawn to wires of 0.3, 0.55
and 1mm in diameter for RE and 0.3, 0.4 and 0.6 mm in diameter for
MRC. Moreover, in order to obtain the sheet specimens with the cross
section 0.25 x 2-5mm? the wires of MRC were cold-rolled, cut into the
width of 0.4-1.3mm, and then metallurgically and chemically polished to
smooth the sides of sheets.

Single crystals were grown by the strain-annealing method. Before
using this method, however, nitrogen was doped into the wires of 0.3
mm in diameter and all other MRC specimens at 600°C in a flowing dry
hydrogen gas which passed through liquid ammonia cooled at 200K be-
cause it was very difficult to produce single crystals of a small size and
high-purity by this method without doping. For removing doped nitrogen
and residual gas impurities, single crystals chemically pollished were
annealed under the condition of hydrogen treatment as shown in Table
2. The wires and sheets of single crystals thus hydrogen-treated were
chemically polished to remove the surface layer contaminated by silicon
in quarz tube during annealing*?~*®, The residual resistivity ratio, RRRy
(the ratio of the electrical resistivity at room temperature to that at
helium temperature under the longitudinal magnetic field of 800 Oe) of
specimens was about 400 for RE and 3500-4400 for MRC. The small ratio
of RE will be probably due to residual metallic impurities. On the other
hand, gas impurities is considered to be almost eliminated by melting
and finally annealing in hydrogen gas for both RE and MRC. For exam-
ple, Kitajima*® has assumed that the concentration of oxygen was below
the limit of analysis, 2 wppm and that the solute carbon was below the
limit of the measurement by internal friction method, 0.1 wppm. Takagi
and Kimura*?, whose iron has been purified by zone-melting in ultra-
high vacuum of about 107° Pa and then the same hydrogen treatment as
the present work, have also reported that the total concentration of
carbon having precipitated and solved in their iron with RRR,; of 3600
was about 0.2 wppm.

Table 2. Condition of hydrogen-treatment

specimen size : wet H, dry H,
RE 0.2 20 hrs at 800°C 20 hrs at 600°C

0.5 50 50

1.0 110 50

MRC 0.2 12 6
0.4 20 20

0.6 35 20

S-MRC 0.4 20 12
1.2 20 12
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The final shapes of the specimens of 20mm long with the guage
length of 10mm were as follows: wires of 0.2, 0.5 and 0.97 mm in dia-
meter for RE (marked as RE (0.2), RE (0.5) and RE (1), respectively),
wires of 0.2, 0.37 and 0.57 mm in diameter for MRC (marked as MRC
(0.2), MRC (0.4) and MRC (0.6)) and sheets of 0.35 and 1.2 mm in width
with the thickness of 1.5-0.2mm (marked as S-MRC (0.4) and S-MRC
(1.2)).

The orientation of a specimen was represented by parameters shown
in Fig. 2, where 1 is the angle between the tensile axis and the pri-
mary slip direction [111] in BCC metals and y the angle between the
maximum shear stress plane, M containing the direction [111] and (101)
plane. Also ¢ in the figure is the angle between the observed slip
plane, O and (101) plane, and the orientation dependence of active slip
plane is denoted by the ¢ —y relation. A and B are orientations of spe-
cimens for the measurement of the temperature dependence of yield
stress and the activation parameters in each orienation.

211

001 \ 011

m

Fig. 2 Stereographic projection for the orientation of a tensile specimen.
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PLASTIC DEFORMATION OF HIGH-PURITY IRON SINGLE CRYSTALS 133

2.1.2. Carburization and quenching

Among single crystals of MRC, those of oreintation A were chosen
for producing Fe-C alloy specimens. The wire specimens of 0.2mm in
diameter and 70 mm long were carburized at 700°C for 30 min in a flow-
ing dry hydrogen gas which passed through n-heptane cooled at 200 K
and then cooled down from the furnace to room temperature. To dis-
perse carbon atoms uniformly in the specimens, the quenching was then
performed: the carburized specimens were heated in a purified argon
atmosphere at 700°C for 30 min and then quenched into the mixture of
ice and water. The specimens of Fe-C alloy thus produced were quickly
held in liquid nitrogen to prevent carbon atoms from migrating and form-
ing clusers. Moreover, these specimens were cut into 20mm long in
liquid nitrogen before tensile test. The carbon concentration in carbu-
rized-quenched specimens was estimated as 150 appm by measuring the
change in the electrical resistivity at 77 K due to the introduce of carbon
atoms and using the value of 6.0 uf2cm/at%C by Wagenblast and Arajs*®.

2.2. Tensile test and cryostat

Tensile tests were preformed at a normal strain-rate of 1.7 x 10~
sec™ in a wide temperature range 0.7 to 400 K. Test temperatures were
controlled within 1% of a given temperature using helium cryostats and
liquid baths listed in Table 3. Two kinds of helium cryostat, *He and
‘He cryostats were used for obtaining very low temperatures below 77 K.
Tensile test below 4.2K were performed in a *He cryostat connected to
an Instron testing machine in Institute for Solid state physics, University
of Tokyo. Figs. 3 and 4 show the schematic illustration of the whole
apparatus including *He cryostat and the tensile testing machine, and
the enlarged cross sectional view of the chamber, repectively. *He gas
of 99.9 % quality was liquidized in the *He chamber temperature of which
was about 1.6 K. °®He liquid of about 12cc was obtained within 10 min in
the *He chamber, which is seperated from liquid ‘He by the vacuum space
of about 2.7 X 10~® Pa. A pulling rod of 2mm in diameter runs into the
*He camber through bellows which enable the frictionless pulling test.
Then the temperature of liquid *He was lowered usually to 0.7 K, occasi-

Table 3. Controlled temperature baths for tensile tests

temperature (K) bath
0.75T<4.2 pumped liquid 3He and 3He gas
4.2 . liquid “He
42T ‘He gas or 3He gas
77 liquid N,
90 liquid 0,
90 < T <200 liquid propane
200 T< 300 alcohol

300>T silicon oil
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Hé gas
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Fig. 83 Schematic illustration of the tensile testing apparatus connected
to the 3He cryostat and its circulation system of 3He.

onally to 0.5K, by pumping with the mercury and the rotary pump of
gas tight type. Temperature was measured by germanium thermometer.
A wire specimen of 0.2mm in diameter was soldered to a grip and set
in a tensile jig in the *He specimen chamber: one end of the specimen
was put into and soldered to a small steel ball which was free from the
tensile jig before straining. Specimens were pre-strained to a small
amount of plastic strain, 0.5 % at 77K and then strained in lquid *He
and in cooled *He gas for tests below and above 3.2 K, respectively. The
pre-straining seemed to increase the elongation at helium temperature,
although specimens without pre-straining did not exhibit twinning at
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liq.%He —
— germanium
- | |~ thermometer
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N |_—steel ball
heater
— 1 /..._
lem
— = | —vacuum

Fig. 4 Cross sectional view of a liquid 3He cryostat used in the
tensile test. )

helium temperature as understood from later results. To measure the
temperature dependence of yield stress a specimen was repeatedly test-
ed, the amount of strain at each temperature being less than 0.3%. A
small amount of stress increase due to work hardening was subtracted
from the value of the flow stress at each test and the change of Schmid
factor and cross section caused by straining were also corrected.

On the other hand, tensile test in the temperature range 4.2to 77K
were performed mainly in a *He cryostat as shown in Fig. 5, although a
*He cryostat was also used partly. The setting of a chucked specimen
to the tensile jig was carried out as explained below: the chucked spe-
cimen, which was suspended with a wire, was put down through the
hole in the flange, placed on the guide fixed to the upper pedestal and
set onto the pedestal by operating the tongs which were introduced into
glass dewar. The chucks were tied up with a thin wire so that they
could be quickly withdrawn out of the dewar after testing. Many ‘speci-
mens could be tested with one charge of liquid helium using this cryo-
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Fig. 5 Cross sectional view of a liquid “He cryostat used in the
tensile test.

stat. Also, for tests at temperatures above 4.2K the pedestals were
surrounded with a chamber made of copper tube and a temperature was
controlled using a heater fixed on it. Temperature was measured by
thermocouple of Chromel-Au-0.07 at%Fe.

In order to prevent mishandling bend of specimens, all thin speci-
mens were guarded by a pipe guide attached to a chuck and fixed to the
chucks in liquid nitrogen. Some of specimens were soldered to end
pieces to avoid straining due to chucking. Fig. 6 shows the schematical
illustration of chucks.

The strain-rate sensitivity of yield stress and flow stress was mea-
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(8

Fig. 6 Chucks which fix a rod specimen with the screw (A)
and the solder (B). The weight of a small chuck is
two grams.

sured by stress relaxation test at temperatures above 4.2K. However,
strain-rate change test was also carried out by increasing the strain-
rate by a factor ten instead of stress relaxation at temperatures below
4.2K and around helium temperature because the amount of stress rela-
xation was very small at very low temperatures.

2.3. Observation by optical and electron microscope

Twin and slip traces on the surface of a deformed specimen were
observed using an optical microscope of Olympus N-TR type with Noma-
rski interference contrast. The slip plane was determined from the ope-
ration as follows: a deformed sheet specimen was first X-ray photogra-
phed to determine the new axial orientation and the surface (top and
side) orientations, the angle between the slip trace on the surface and
the tensile axis was obtained from the photographs of slip traces and
analysis was completed by plotting these informations together with the
X-ray results on a streogram and rotating the poles into the standard
projection. The slip trace analysis was accurate to <2° for perfectly
crystalographic slip line, but, where the slip traces were wavy, the pre-
cision deteriorated accordingly and therefore the direction of slip line
was avereged.

The twin and dislocation structure in a deformed specimen was obs-
erved using a high-voltage electron microscope JEM-1000 in Kyushu Uni-
versity operating at 1250 V. After deformation, the gauge length section
of a sheet specimen was cut with an acid saw into three pieces of about
3mm long and each of them was chemically polished to a thickness of
0.1mm. Electron transparent foils were prepared under the electrolytic
condition of 46mA and 14 V. The electrolyte used was a solution of
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accetic acid (450cc), pe_rchrolic acid (50 cc) and methanol (50cc).

3: Experimental results

Experiments were first made for examing the ability of slip deforma-
tion in our iron single crystals at very low temperatures, and then for
obtaining various characteristics of slip in high-purity iron single crys-
tals.

3.1. Deformation-mode at very low temeratures
3.1.1. Stress-strain curves
i) Stress-strain curves for RE iron

The stress-strain curves for wire specimens of RE in the temperature
range 64 to 200K are shown in Fig. 7. In the RE(1) specimen twinning
occurred either before or after macroyielding by slip at temperatures
below 90K, though down to 64 K a few specimens were able to be deform-
ed by slip only at orientations of y =0°. Generally, as temperature was
lowered, the number of twin and the amount of stress drop due to tw-
inning increased and the stress level of twin nucleation was lowered.
The RE(0.5) and RE(0.2) specimens, however, were deformed by slip at
all orientations without twinning.

At 4.2K all the RE(1) specimens were fractured by cleavage at a

600

(MPa)

500

400

300

200

Load/ initial cross section

100

RE(1) RE(0.4) RE(0.2)

ol |

Fig. 7 Stress-strain curves for RE iron in the temperature range 64 to 200 K.

Cross head displacement
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0 j ]
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Fig. 8 Stress-strain curves for RE(1) (x) and RE(0.5) (e) at 4.2K.

low stress level as illustrated in Fig. 8. Pre-straining at room tempera-
ture increased fracture stress, but caused microtwins in the proportional
region. Some of RE(0.5) specimens, however, showed yielding by slip
without twinning, and were deformed up to - about 15¢% strain, then
slipped off showing chisel edge apparance, though many specimens were
fractured by cleavage either with or without twin bursts just before- or
after yielding at a high stress level. The pre-straining of 0.3-3% at
room temperature was effective in suppression of twin bursts and clea-
vage fracture, and made most of the specimens ductile at 4.2 K, through
there appeared the microtwins in the proportional region as well as the
RE(1) specimens as illustrated in the same figure.

When the diameter was further reduced to 0.2 mm, most of the spe-
cimens could be deformed by slip at 4.2 K without pre-straining, though
a few twins were sometimes formed as seen in Fig. 9. Twinning gener-
ally occurred at a higher stress level in comparision with the RE speci-
mens with larger diameters, namely, just near yielding at orientations
of x<<0° and in the region of flow stress at those of y=0°. These
twins, however, were completely suppressed by slightly pre-straining of
0.5-1 % at room temperature.

By way of a trial, the RE(0.5) specimens with the effective gauge
length of 7.5, 10, 20, 30 and 40 mm were deformed at 4.2K. The result
was that the behaviour of deformation was independent of the gauge
length, namely, deformation-mode seems to depend on only the specimen
size.
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Fig.'9 Stress-atrain curves for RE(0.2) at 4.2 K.

ii) Stress-strain curves for MRC iron

The stress-strain curves for MRC specimens with the diameters of
0.2-0.6 mm at temperatures above 64K are shown in Fig. 10. In this
temperature range all the MRC specimens were deformed only by slip.
At 4.2K, however, the effect of specimen size became remarkable as
shown in Figs. 11-13. For the MRC(0.6) specimens, 70 % of those tested
were fractured by cleavage with twinning at a low stress level (orienta-
tions A and B in Fig. 11) and those which even yielded by slip formed
twin bursts in the region of flow stress (orientations C and D). The
prestrain of more than 1% had a good effect on the ability of slip de-
formation for all the specimens without forming many microtwins be-
fore micro-yielding.

For the MRC(0.4) specimens in Fig. 12, half of those were deformed
by slip with twinning and a few specimens did only by slip up to about
7 % strain. Pre-straining enhanced the suppression of twinning and the
elongation by slip.

When the diameter of a specimen was further reduced to 0.2mm,
most of the specimens gave the stress-strain curves of slip only, with
good reproducibility as shown in Fig. 13. Itis generally recognized that
the wire specimens of MRC iron have more ability of slip deformation
than those of RE iron with the same size. v

On the other hand, the sheet specimens of MRC iron were tested at
4.2 and 77 K. At 77K all the specimens were deformed by slip and gave
the same elongation as the MRC(0.4) specimens. At 4.2K only a few
specimens were able to be deformed by slip as shown as shown in Fig.
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Fig. 10  Stress-strain curves for MRC iron in the temperature range 64 to 200 K.
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Fig. 11  Stress-strain curves for MRC(0.6) at 4.2 K.
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Fig. 12  Stress-strain curves for MRC(0.4) at 4.2K.
1200
MRC(0.2)
T=4.2K
1000
800
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4001
200
0

Cross head displacement
Fig. 13 Stress-strain curves for MRC(0.2) at 4.2 K.

14 and many specimens were accompanied with twinning or were fractu-
red by cleavage at a low stress level. For the specimens with larger wi-
dth, particularly, slip deformation was quite difficult and, for example,
the specimens with the width of 1.2mm were fractured by cleavage
after twinning or only by cleavage.

Fig. 15 shows the stress-strain curves for the specimens pre-strained
by 0.5% at 77 and 300K. Pre-straining enhanced the ability of slip de-
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Fig. 14 Stress strain curves for S-MRC(0.4) (e) and S-MRC(1.2) (x) with
no pre-strain at 4.2K.
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Fig. 15 Stress-srain curves at 4.2K for S-MRC(0.4) (e) and S-MRC(1.2)
(X) pre-strained at 77 and 300 K.

formation at 4.2K only for the S-MRC(0.4) specimens. The pre-strain-
ing at 77K elevated the level of twin-nucleated stress, but easily caused
twin bursts and gave slightly smaller elongation than that at 300 K. The
S-MRC(1.2) specimens, however, were impossible to be deformed by slip,
even with pre-strain of 0.5 9%. The realization of slip deformation need-
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ed the pre-strain of more than 1% for S-MRC(0.4) and more than 3%
for SS-MRC(1.2).

iii) Stress-strain curves for impure MRC iron

In order to examin the influence of interstitial impurities, i.e. carbon
atoms, their clusters and precipitates on the nucleation of twins, the
wire specimens of MRC iron with RRRy =400, which were not fully hy-
drogen-treated to eliminate interstitial impurities, were tested at 4.2K.
Fig. 16 shows the typical stress-strain curves of them. The MRC(0.4)
specimens were fractured by cleavage without any slip. The MRC(0.2)
specimens of a smaller size, however, were not fractured by cleavage,
but yielded by slip forming many microtwins in the proportional region
and were deformed by slip and twinning alternately in the region of flow
stress. Pre-straining at room temperature suppressed the nucleation of
twins. Also the carburized-quenched MRC(0.2) specimens, in which
carbon atoms were considered to be fully solved, were deformed by slip
with a few twims at 4.2 K, details of which will be mentioned in a later
section.

3.1.2. Orientation dependence of deformation-mode at 4.2K

Characteristic features of stress-strain curves for the specimens with
typical orientations were reported in a previous section. In this section
the orientation dependence of deformation-mode at 4.2 K was summariz-
‘ed from the experimental results obtained. Namely, the deformation-
mode was denoted in Fig. 17 from various points of view of the effects
of specimen size and shape and pre-straining on deformation for RE and
MRC irons, classifying each step as follows: (1) slip, (2) slip with a few
twins, (8) slip with many twins, (4) twinning, (5) twinning and cleavage
and (6) cleavage. Also Fig. 18 shows the summary of the results in Fig.
17.

i) for the RE(1) and S-MRC(1.2) specimens, slip deformation is
difficult at any orientation and the modes are denoted by (5) and (6).
Pre-straining at room temperature slightly improves the mode into (3)
and (4) only for the MRC(1.2) specimens with orientations of y >0°.

ii) for the RE(0.5), MRC(0.6) and S-MRC(0.4) specimens, the modes
are (4)-(6) at orientations of y < =10° and 1 >50°. At orientations of
¥ > —10° and A < 50°, it generally tends to be (1)-(3), but is (4) at those
of higher values of ¥ and A and approaches (1) at those with the value
of —10°< 5 <15°. By pre-straining at 77K and room temperature, the
mode is pointed to (1) in comparison with unstraining.

fii) the MRC(0.4) specimens denotes the mode of (6), (1)-(3) and
especially (1) at orientations of x < 0°, x =0° and A<{50°, and 0°<{ x <15°,
respectively. ’

iv) the RE(0.2) and MRC(0.2) specimens of the smallest size deno-
tes almost the same mode at any orientation, details of which being that
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(b) P:2-83% at 300K.

(¢) P:less than 1% at 300K. h (d) P:1% at 300K.
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(e) P:1% at 300K. (f) P:1% at 300K.

Fig. 17
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S-MRC(04)

5~MRC(0.4,1.2)
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5 X 1_'1\, Y jnl
(g) no prestrain (h) P:0.5% at TTK.
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no arrow: S-MRC(0. 4)

(i) P:0.5-1% at 300K."
) arrow: S-MRC(1.2) -
no darrow: S-MRC(0.4)
Fig. 17 Results in the orientation dependence of the deformation-mode
for specimens of various sizes at 4.2K.

O slip, &:slip with a few twins, @ slip with many twins,
[0 twinning, A twinning and cleavage, X cleavage and P
pre-strain- " -

the mode is (1)-(3) for the RE(0.2) specimen and almost (1) for the
MRC(0.2) specimen.

From the results-mentioned above it is pointed out that slip deforma-
tion tends to be easy for the specimen with smaller sizes and orienta-
tions near y=0. ’

3.1.3. Observation of surface and inner part-of a deformed specimen at
4.2K ' '

The ability of slip- deformation- at 4.2K is closely related with the
condition of twin nucleation as mentioned in previous sections. In this
section, therefore, the observations of the specimens deformed at 4.2K
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Fig. 18 = Deformation-mode maps’ for speciméns of various sizes
at 4. 2K. :
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were made focusing the aspects of twin by means of optical and electron
microscopy. Fig. 19 shows the typical aspects of twin trace on the sur-
face of the specimens deformed by twinning or fractured by cleavage.
Twins in these specimens had aspects mentiOned below.

i) the width of a twin was more extensively distributed in the
specimens of larger sizes and the maximum of the width tended to in-
crease, that is, the width was relatively smaller in those of smaller
sizes. The tendency is shown in Fig. 20.

ii) although the specimens of 0.2mm in diameter were almost de-
formed by slip, for the RE(0.2) specimen deformed with a few twins the
twin trace was too fine to be observed and in fact the traces of micro-
twins formed before macro-yielding could not be observed. On the other
hand, for impure MRC(0.2) specimen deformed with many twin bursts in
the region of flow stress the surface was covered by many fine twin
traces (Fig. 19(c)).

iii) in the unstrained specimens many twins and twin intersections
were often obseved in comparison with those pre-strained (Figs. 19(a)
and (b)). The shape of twin boundary was straight for the unstrained
specimens, but was of dentate line for those pre-strained (Fig. (d)).

On the examination of twin structures in the inner part of twinned
specimens twin boundaries and stacking faults could not be observed.
However, dislocation structures before macro-yielding shown in Fig. 21
could be observed at 4.2K. This example shows that the dislocations
had the component of screw, but some of them were mixed dislocations
and the intersections between disloations were observed at many sites.
It is pointed out from observation that at a yield point on a stress-
strain curve twin dislocations are not generated but slip dislocations are
generated being locally concentrated in slip bands.

3.1.4. Orientation dependence of yield stress

The yield stress, 7, of slip deformation obtaining from the data of
the stress-strain curves in RE and MRC irons, is plotted against y in
Fig. 22. The yield criteria were chosen as the flow stress at 0.5 %
tensile plastic strain for unstrained specimens and the level of plateau
stress just after yielding for pre-strained specimens, details of which
will be mentioned in a later section. Also, the yield stress denoted in
this figure is the shear stress resolved the tensile yield stress on the
maximum shear stress plane containing slip direction [111]. Since the
yield stress was independent of the specimen size in both RE and MRC
irons, the yield stresses of the specimens with different sizes were not
specified in the figure. The r,—y curve was of asymmetric concave
type with minimum at —10°< ¢ <0° and maximum at yx =30°. The ratio
of 7,/t,, .- Was constant at temperatures below 90K and gave the
values of 1.12 at y=—30° (twinning direction) and 1.22 at x=30° (anti-
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o/ B kn B, 0

Fig. 19(a) S-MRC(1.2) (x=11°, 2=37") fractured by cleavage.

Fig. 19(b) MRC(0.6) (x=21°, 2=47") fractured by cleavage.
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Fig. 19(c) Impure MRC(0.2) (x=25°, 2=37") deformed by slip with
many twin bursts.

50pmM

Fig. 19(d) RE(0.5) (x=12°, 2=45") deformed by slip with many
twins after pre-straining by 3 % at 300 K.
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Fig. 20 Relation between the width of twins and the specimen size.
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Fig. 21  Dislocation structure in the specimen of S-MRC(1.2) fractured by
cleavage before macro-yielding at 4.2K (x=19°, 2=40°).
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Fig. 22 Relation between the yield stress and x for various specimens
in the temperature range 4.2 to 200 K.

twinning direction). The maximum and minimum of yield stress at 4.2
K were about 425 and 355 MPa, respectively, though the data were scat-
tered. Sato and Meshii*® have obtained the values of 1.15 and 1.35 at
each orientation at 60K, respectively. Conte et al.? (x=-30°) and
Meshii and Sato® (x=0° and 30°) have obtained the yield stress at 4.2
K as shown in the figure, but their values are higher than those obtain-
ed in the present investigation. The yield stress of impure iron with
RRRy, == 400 was hardened by 656 MPa in comparison with those fully hy-
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drogen treated.

3.2. . Characteristics of slip in high-purity iron single crystals

The ability .of slip deformation was examined in previous sections
from the effect of specimen size and it was experimentally clarified that
the specimen of a smaller size could be deformed by slip at 4.2K. The-
refore, it was p0551ble from this fact to investigate various fundamental
characteristics of slip deformation 'in iron down to or below 4.2K as
mentioned below. From a point of view mentioned above, high-purity
iron single crystals of MRC of a small size were used in this experi-
ment: MRC(0.2) specimens for obtaining stress-strain curves in a wide
temperature range, temperature dependence of yield stress and activa-
tion parameters, S-MRC(0.4) for active shp systems and S-MRC(1.2) for
dislocation structures.

3.2.1. Behaviours of stress-strain curves

Figs. 23-25 show the typical stress-strain curves for pure iron and
Fe-150 appmC. The load-elongation curve was translated into the stress-
strain curve on the assumption that the active slip plane is the maximum
shear stress plane containing the primary slip direction [111] such as
(101) or (211) plane for orientations A or B as shown in Fig. 2, respec-
tively. At 348 and 385K three-stage hardening occurred for both A and
B orientations as shown in Fig. 23, although it is not of large scale as
seen in FCC metals'”. The stress-strain curves in this figure may be

70

pure iron

“T=385K ..,

(MPa)

50

40} -

Orientation

30 A .

—--e-- B

Resolved shear stress

20

h
|
5 %
10 ? —_— =
1
1
)
!
1

Shear strain

Fig. 28  Stress-strain curves for pure iron at 295, 348 and 285 K.
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described as follows: after the initial yielding there is a very short re-
gion of high work-hardening rate (Stage 0), then the work-hardening
rate decreases to.a low constant (Stage I); the work-hardening rate
then increases gradually to a region of high constant value (Stage II)
followed by a region where the work-hardening rate continuously decre-
ases (Stage IIT). This three-stage hardening has been reported by Keh
and Nakada (at 298 and 327 K)** and Spitzig and Keh (at 250 and 298 K)*®
for pure iron single crystals, and Mitchell et al. (228K < T <373K) for
zone-refined niobium single crystals*”.

600 . . |
Orientation A
pure iron
500 T-IIZ 150appmC )
s _ - --=a—1,8%prestrained at 200K
/-'-\'-1—,'--——\--—- - - \

1’00_ J Il l ¥ i

ﬂ ,/ T=4.25/‘__‘\

I

) a0k

40K

Resolved shear stress (MPa)
w
o
(]
—
1

0 5 10 15 20
Shear strain (%)

Fig. 24 Stress-strain curves for the pure iron and Fe-150 appmC alloy
oriented at (A) below 200 K.
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Figs. 24 and 25 show .the stress-strain curves in the range 4.2 to
205 K. The three-stage ‘hardening no longer appeared at temperatures
below 295K in the present investigation, although it has appeared in the
results by other investigators mentined above. At 295K the stress-strain
curves became: parabolic. At intermediate temeratures 143 to 200K, it
exhibited the sharp yield but no yield drop. However, the: results by
Keh and Nakada and Spitzig and Keh at these temperatures have given
the parabolic stress-strain -curves and the higher work-hardening rate
than those in the present investigation. In the stress:strain curves
below 77K the small yield drop appeared, the yielding was completed

600 T T T
Orientation B
pure iron
500} ' -
T=4,2K
20K
40K

Resolved. shear stress (MPa)

— o -

200~ -

\ 150K

\ 200K
0 i 1 iR 1 i

0 5 o e 0100 15 20
. _ , » Shear _strain (%) ,
Fig. 25 Stress-strain curves for thepure iron oriented at (B) below 200K.
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within 1% plastic shear strain (0.5% tensile plastic strain) and the
plateau stress continued up to about 7 % strain. The increase in stress
in the range 1 to 7 % strain was below 10 MPa. The elongation was
near 15 % strain independently of test temperature and orientation.

There have been a little examples of stress-strain curves in ‘pure
iron single crgstals’ well-annealed so far obtained below 77K, for exa-
mple, Tomalin and Stein (20 and 77 K)*®, Keh and Nakada (77 K)¥,
Spitzig and Keh (77K)*®, Sato and Meshii (60 K)*® and Quesnel et al.
(77K)5?. However, there have not yet been any examples at 4. 2K besi-
des this investigation. The specimens used by above investigators were
all of plates and were purified in a ZrH, system. .

In the stress-strain ‘curve for Fe-150 appmC in Fig. 24 the stress
level is higher at 4.2 and 77K and lower at 200K in comparison with
pure iron of the same orientation, which exhibiting the phenomena of
solution hardening and softening due to carbon atoms. The feature of
the stress-strain curves for Fe-150 appmC, however, was almost. similar
to that for pure iron except the characteristics such as the slightly large
yield drop, the appearance of twinning and the small elongation at 4.2
K. Moreover, the pre-straining at 200K enhanced the elongation at 4.2
K and there was no change in the yield stress due to pre-straining.

3.2.2. Temperature dependence of yield stress

The choice of yield criteria is a matter of importance upon the inve-
stigation of the mechanical properties in materials. For example, in
case of the parabolic stress-strain curve without clear yield drop the
choice of yield criteria exerts great influence upon the value of yield
stress and moreover the feature of the temperature dependence of yield
stress.

Quesnel et al.®® examined various yield criteria such as (1) propot-
tional limit, (2) extrapolation of linear work-hardening to the elastic
line, (3) lower yield stress, (4) constant plastic strain offset, (5) constant
plastic strain-rate and (6) constant activation volume. It was found
from their investigation that the strain which the plastic strain-rate was
constant at the first time, was 0.5 % tenslie plastic strain for the para-
bolic stress-strain curve, which satisfying two criteria (4) and (5). Crite-
rion (5) means the beginning of the steady state flow on plastic defor-
mation. In case of the appearance of yield drop the criterion (3) is
used. Also, in the present investigation the plastic flow in steady state
seems to begin near 0.5 % plastic strain (1 % shear strain) at all tempe-
ratures as seen from the stress-strain curves in Figs. 23-25. According-
ly the stress at 0.5 % tensile plastic strain was chosen as the yield cri-
terion. As regards the choice of yield criteria for the specimens de-
formed at lower temperatures after pre-straining at a higher tempera-
ture, the plateau stress just after roundly yielding was chosen as the
yield stress because this stress level was equal to that at 0.5 % tensile
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plastic strain for the specimen with no pre-strain as shown in previous
sections and in Fig. 24 for Fe-150 apmmC. Therefore, the yield stress
of Fe-150 appmC below 77 K were obtained from the flow stress at 0.5 %
tensile plastic strain for the specimens pre-strianed by about 0.5 % ten-
sile plastic strain at 200 K. The reason for pre-straining is to observe
the deformation due to the motion of free dislocation and the homogene-
ous deformation at lower temperatures. The yield stress referred in
Figs. 27-29 were also determined from the yield criterion mentioned
above. The tensile yield stress, furthermore, was resolved on the max-
imum shear stress plane. The experimental results with regard to real
slip plane will be mentioned in a later section.

The variation in the yield stress as a function of temperature and
orientation is shown for pure iron and Fe-150 appmC in Fig. 26. The
feature of the temperature dependence of yield stress for pure iron was
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Fig. 26 Temperature dependence of the yield stress for pure iron and
Fe-150 appmC alloy. ‘
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a weak S character, being especially remarkable in orientation A. Above
340K there was a plateau stress, i.e. the athermal region of yield stress,
in which the value of yield stress was 15 MPa independently to orienta-
tion. When temperature decreased down to 200K, the rapid increase in
the yield stress occured in the range 200 to 300 K in orientations of both
A and B. Namely, there appeared a hump (concave down region) on the
yield stress-temperature curve (¢,—7T curve) in this range. When tempe-
rature, moreover, decreased down to 0.7 K, the yield stress of pure iron
monotonously increased after the increasing rate of yield stress revers-
ed around 200K (an inflection point on 7,—T curve), in orientations of
both A and B.

As regarding the orientation dependence of yield stress, the differ-
ence between orientations A and B became gradually large with decreas-
ing temperature below 250K and the ratio of yield stress, t,4/7y.5
calculated from Fig. 26 was almost constant 1.22 at temperatures below
90 K.

The addition of the small amount of carbon atoms to high-purity iron
remarkablly changed the feature of the temperature dependence of yield
stress in pure iron: the temperature dependence of a weak S character
which appeared in pure iron, disappeared and the yield stress resulted
in the monotonously decreasing function of temperature. In comparison
with pure iron in the same orientation A, the yield stress of Fe-150
appmC was lower in the intermediate temperature region (softening)
and higher at temperatures below 160 K (hardening). This nature of
Fe-150 appmC alloy is similar to that of pure iron used by Stein and
Low'”'? and Spitzig and Keh*® as refered in Fig. 27. Their iron single
crystals were purified in a ZrH, system and especially the specimens
used by Stein and Low were reported to contain only less than 5x107°
wppm carbon. However, the stress-strain curve at 77K obtained by
them exhibited twinning in the early stage of deformation and then
parabolic curve by slip. The stress-strain curve at 77K in the present
investigation was not parabolic and exhibited the plateau stress region
following a small yield drop. Moreover, the data by Meshii and Sato®
and Quesnel et al.’® using the single crystals of thin plate were in good
accord with the present ones at intermediate temperatures but were dif-
ferent below 130 K. Quesnel et al. have explained that the hump appear-
ing in the intermediate temperature range resulted from the extrinsic
hardening due to hydrogen remaining in their specimens after ZrH,-
treatment. For examining the effect of hydrogen, H,-purified specimens
in the present investigation were annealed in vacuum of 1.3x10~* Pa at
300°C for 30 min to remove hydrogen which may remain in the speci-
mens:. The result is shown in Fig. 28, which shows the enlargement of
7,—7T curve in the intermediate temperature range in Fig. 27. The result
accorded with that for as H,-purified specimens. This means that the
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Fig. 27 Temperature dependence of the yield stress for the pure irons
in the present result and reported by other investigators.

hump does not result from the effect of hydrogen atoms, but is intrinsic
nature of iron. In the same figure is shown the results reported by
Matsui. et al. using the coarse-grained iron of the bamboo type with
RRRy; == 3600 and more than 5000. In their data the hump appeared in
the same temperature as the present data and the scale of the hump
depended on purity. It is not clear from their experimental results that
the purity dependence of the hump occurs or not in iron single crystals
of higher purity than RRRy;=4000 in the present investigation because
their result is due to. polycrystals. The appearance of this hump has
been also reported by Diehl et al. (single crystals)®®? and Tseng and Tan-
gri (polycrystals)®™. ‘In general it could be concluded that the hump has
been observed only for high-purity iron reducing sufficiently both gas
and metallic impurities,
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Fig. 28 Temperature dependence of the yield stress for the pure irons in the present result

and reported by other investigators in the intermediate temperature range.
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The enlargement of r,—T curve at very low temperatures below 30 K
in Fig. 26 is shown in Fig. 29. In the present investigation the yield
stress is evaluated down to 0.7 K and monotonously increased with dec-
reasing temperature. There are very examples of success of slip defor-
mation at very low temperatures as mentioned in section 3.1. Moreover,
it is only results by Meshii and Sato and Matsui et al. except the present
data that the 7,—T curve was obtained down to helium temperature.
Altshuler and Christion (polycrystals)!® and Tangri and Lloyd (polycry-
stals)®® recorded the twinning stress below 10 and 20K, instead of the
yield stress for slip, respectively. The yield stress by Meshii and Sato
in the figure is larger than the present result in any orientation. That
by Matsui et al. is in good accord with the present ones though the
values of yield stress are scattering around helium temperature.

LI B B B B
.
500 |- ST~ L
, o
B resent data
450 - N g P
\%A a Meshii and Sato(1975)
: ad a4 Matsuietal (1978)
A (polycrstal RRR¥ 3600) _|
g o e "
= T~
St b\ok >~ PAY
2 350] oo . - a2
\o Tt oo
~~o -
| T8 T~ -
300 | I R
: o
\2
o 1-Ye ) SR T DI SR B 1 |
0 10 20 30

T(K)

Fig. 29 Temperautre dependence of the yield stress for the pure irons in
the present result and reported by other investigators in the very
low temperature range.

3.2.3. Activation parameters
The strain-rate sensitivity, 8 obtained from stress relaxation techni-
que (above 4.2K) and strain-rate change test (below 4.2 and partly up
to 77K) is plotted against temperature in Fig. 30. The definition of S


library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked


PLASTIC DEFORMATION OF HIGH-PURITY IRON SINGLE CRYSTALS
08 ! Orientation
[ A as H, purified
X g annealed in vacuum}l’ure Fe
A |
[ ] A 150 appm C
a
06 - n
o
a'e, / o
y \
© 04} \O-Q'-’ © \ -
\\ e
\
1) \
e f \ 8
\ j 03 T T T — [ ]
\o® (3 \ \
@ ‘/‘ 0 N
o
02 . %o A A/A ‘\ B
.2 o
0. &o’ — - Q)A / .
2k !
a '
01 L ! 1 |
5 10 15 20
T(K)
0 1 1
Y 100 200 300
Fig. 30 Temperature dependence of the strain-rate sensitivity

for pure iron and Fe-150 appmC alloy.

is given in Appendix. The feature of 8—T curves for pure iron is of
asymmetric camel-hump type with a minimum at 180 and 200 K in orien-
tations A and B, respectively. These minima and a maximum around
250 K roughly correspond to the inflection points and a maximum slope on
7,—T curves in Figs. 26 and 28, respectively. The orientation dependence
of .3 appeared only in the range below 200K in orientations of both A
and B. The results for high-purity iron in the present investigation is
very different from those obtained before the year 1970 by investigators
such as Basinski and Christian®, Conrad and Frederik®, Nakada and
Keh®® and Spitzig and Keh'®. Their 8—T curves have shown the feature
of convex type with a maximum around 150 K, which is very similar to
that for Fe-150 appmC alloy in this figure. The values of 8 in speci-
mens annealed in vacuum after H,-purification sufficiently fitted with
that in specimens as H,-purified. The characteristics of 8 for pure iron
mentioned above, therefore, are not due to hydrogen atoms but are the
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intrinsic nature of iron. It should be, moreover, noted that the strain-
rate sensitivity does not tend to zero but seems to have a non-vanish-
ing value at absolute zero temperature for both pure iron and Fe-150
appmC alloy. The values of B obtained from the stress relaxation test
and strain-rate change test were equal each other in the low tempera-
ture range below 77 K.

The activation area, A4* calculated from the strain-rate sensitivity
and eq.(A 13) in Appendix is plotted against the yield stress in Fig. 31.
The A*—r7, curve in pure iron had a peak at the stress level about 100
MPa independently of orientation. This peak corresponds to the inflec-
tion point on 7,—T curves in Figs. 26 and 28 and the minima on the f—T
curve in Fig. 30. The orientation dependence of A*—r7, relationship ap-
peared above the stress level of 130 MPa. The value of 4* did not change
by annealing in vacuum after H,-purification. The A*—r7, curve for Fe-

100 ' T T T T
[) Orientation
90} 4 o 4
[ A as H, purified pure Fe
80 X A annealed in vacuum .
® A 150 appmC
70 : 4
60 A
o sof- ’ : : |
*<
40+ .
30 : . .
20 \\°Q\9\ '
.\\X)
LIS
10F \ A -
: 928 A
0 . n . 00% () A"%

0 100 200 - 300 400 500
' Ty(MPa)

Fig. 31 Stress dependence of the activation area for pure iron and Fe-150
appmC alloy. :
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Fig. 82 Stress (effective stréss) dependence of the activation area for the pure
irons in the present result and reported by other investigat_ors.

150 appmC alloy was the monotonously decreasing function of stress and
did ‘not exhibit any peak of A*. -In high stress region (very low tempe-
rature .range) the activation area rapidly decreased with increasing the
yield stress and approached zero value at the stress near absolute tem-
perature in both pure iron and Fe-~150 appmC alloy. : .
Fig. 32 shows the A*—t* relation obtained by other investigators.
The effective stress,. 7* was obtained by subtracting the ‘athermal stress
from the yield stress. It is found from ‘this figure that for the data
which have a hump on 7,—T curve, the peak of activation area necessarily
appears, which means the .correspondence between the hump and the
peak. . . o : : .
The strain dependence of activation area’is shown in Fig. 33 for
pure iron in orientation ‘A as an example.. The activation area seems to
be independent of strain or dislocation structure 'all over the tempera-
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Fig. 33 Strain dependence of the activation area for pure iron
at various temperatures.

tures below 300 K. These values were obtained from stress relaxation,
but those from strain-rate change test generally depend on strain above
200K (for .example, the result by Spitzig and Keh!®), which probably
results from the change in dislocation structure at a high strain during
strain-rate change.

The activation enthalpy calculated by use of eq.(A 4) in Appendix is
plotted against temperature in Fig. 34. The scattering of data at higher
temperature results from the difficulty in precise measurement of the
slope of 7,—T curve in the range so that the hump appears. Although
one considering the experimental errors mentioned above, the linearity
through the origin established in the 4H—T relation in the temperature
range above~30K with the slope of about 26 for pure iron, independent
of orientation and ~90K with that of about 30 for Fe-150 appmC alloy.
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Fig. 34 Temperature dependence of the activation enthalpy for
pure iron and Fe-150 appmC alloy.

The constancy of the slope has been so far reported by Basinski and
Christian®, Nakada and Keh®®, Alshuler and Christian!®, Okazaki et al.’®
and Cuttu et al.’” with the constant value of 26+1, respectively. The
values of activation enthalpy, however, deviated downward from the
linear line below 30 K. This anomaly in 4H—T relation is made clear by
plotting the slope in 4H-T relation, i.e. the exponential factor, 4H/ET
in Arrhenius rate equation neglecting the change in entropy term aga-
inst temperature as shown in Fig. 35. The values of 4H/kET rapidly
decreased below 30 and 90 Kfor pure iron and Fe-150 appmC alloy, respe-
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Fig. 35 Relation between 4H/ET and temperature for pure iron
and Fe-150 appmC alloy. :

o

ctively. Fig. 36 shows the stress dependence of activation enthalpy.
The feature of 4H—7, curves are very similar to that of r,—T curves
This can be considered

except the results at very low temperatures.
from the interrelation between 4H and T mentioned above.

3.2.4. Active slip systems
The sheet specimens with various orientations were deformed at 4. 2;

77 and 200 K and slip lines were observed. At 200K slip lines could not
be observed though specimens were heavily deformed until fracture. - At
77 K slip lines were observed for the first time at more than 10 % shear
strain as seen in Fig., 37. Slip lines were generally parallel each other
all over the surface of specimens, sometimes stopped on the way and
were slightly wavy. Slip planes at an orientation of ¥=30° were deter-
mined from the observation of slip lines as (101) and (110) planes con-
taining primary slip direction [111] and non-crystalographic plane near
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Fig. 36 Stress dependence of the activation enthalpy for pure iron and
Fe-150 appmC alloy.

(101) plane containing secondary slip direction [111] on the average, at
77 K. At orientations near x=0° slip lines were straight and slip plane
was (101) plane. At an intermediate orientation and x=-—30°, (101)
plane was determined as a slip plane.

Since most of sheet specimens were not deformed by slip because of
twinning and cleavage fracture at 4.2 K mentioned in section 3.1, some
of specimens were strained by more than 4 % after pre-straining of 1 %
at 77K. The observation at 4.2K is shown in Fig. 38. In the specimens
pre-strained at room temperature, however, slip lines were not observed
although specimens were strained by more than 14 %. The distribution
of slip bands for both specimens unstrained and pre-strained were not
uniform and it was not also recognized that slip bands were concentrat-
ed near the chucked part. Slip lines at 4.2 K were straight and parallel
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Fig. 37(i) Orientations of the sheet specimens used in the
tensile test at 77K and the geometry of slip
plane and Burgers vector.

each other. Although slip plane was not determined at y<—12° because
of twinning and cleavage -fracture,.it-‘was (101) plane.. Especially, slip
planes at y=30° were determined to be (101) and (110) planes of pri-
mary slip system and (101) plane of secondary slip system. At orienta-
tions near the [001]-[011] line (101) and (101) planes were observed to-
gether. L
The ¢—yx relation at 77 and 4.2K is shown with the ¢,—y relation
in Figs. 39 and 40. The relation was ¢=0° at both tempratures. The
relation at 200K, which were not obtained in this investigation, have
been reported to be ¢~y by Spitzig and Keh?® and Matsui et al’®. In
cbnsideratidn of this fact, it is thought that the slip plane in iron tends
to approach (101) plane as temperature is lowered and becomes (101)
plane at 4.2K. Therefore, it is seen from the results mentioned above
that fundamental slip plane is (101) plane.

3.2.5.  Observation of dislocation structures v

-The sheet specimens with width of 1.2 mm were strained by 2 % at
30 :and 200K for observing dislocation structures. The photographs are
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(c) x=4°

Fig. 38(ii)
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Fig. 37(ii)  Slip patterns on the top faces of the specimens

of pure iron at 77K (more than 109 shear
srain, X 400).

shown in Fig. 41. At both temperatures screw dislocations were domin-
ent and two slip systems were active. The [111] dislocations in primary
slip system were more dominent at 30 K. Total dislocation density was
3.0x10% and 5.2x10%/cm?® at 30 and 200K, respectively, and was, there-
fore, almost independent of temperature. Dislocation loops and debris
were more observed at 30K than at 200 K. These results are in good
accord with those down to 77 K reported by other investigators®®®,

4. Discussion and conclusion

4.1. Effect of specimen size on deformation-mode at very low temperatu-

res

It is clear from the experiment results that the different in the spe-
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Fig. 38(i) Orientations of the sheet specimens used in the

tensile test at 4.2K and geometry of slip plane
and Burgers vectors.

cimen size gives much influence on deformation-mode. This can be ex-
plained as a effect of suppression of twinning due to the reduction of
specimen size, which is important effect besides well-known purification
and pre-straining. This effect is contradictory to the traditional asser-
tion that a definite twin stress essentially exists in twin formation. Ac-
tually, the stress at which a twin nucleates is higher than that of slip
because the experiment gives the stress-strain curves only by slip down
to 0.7K. The tiwn nucleation at a low stress level in the past may be
due to the local structure in the inner of a specimen which depend on
the foreign condition. If cleavage fracture is considered to be led by tw-
inning, the ductile-brittle transition temprature will not also have any
essential meaning in high-purity iron single crystals.

The formation of a deformation twin can be envisaged as occuring
in two stage: (i) nucleation of an embryo, and (ii) its subsequent growth
into a macroscopically observable twin. Basically, two different approa-
ches have been adopted to rationalize the nucleation of twins: hetero-
geneous™® and homogeneous nucleation®. At present, the former
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(a) x=-12°
\

(c) x=15°

Fig. 38(ii)
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Fig. 38(ii)  Slip patterns on the top faces of specimens of
pure iron at 4.2 K (about 4 % shear strain, x 400).
The specimens oriented at (b) and (c) are not
pre-strained at 77K, while the others are done
by 1%.

have been rather supported in BCC metals from many observations by
electron microscope®® ™ It is this standpoint that a twin can nuleate
from a heterogeneity such as a particular dislocation arrangement. As
a source dislocation for twin formation, which is resolved into three
partial dislocations (twin dislocations) at a higher stress level as a twin
embryo, Sleeswyk®”, Ogawa®’ and Levonmaa and Lindroos’ have suppor-
ted a screw, edge and mixed dislocation, respectively. Twin dislocations
have been actually observed by electron microscope (for example, a re-
ference’™ for iron). Vitek’ have reported from computer simulation
that the stacking faults of three layers was stable in BCC metals and
the stress for nucleation of twin dislocations from a screw dislocation
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Fig. 39 t7,—x and ¢—x relations for pure iron at 77K.

was about 0.03 x4, where u is shear modulus™. This stress is very high
and must be realized by high internal stress at local sources of stress
concentration, which for example is thought such as small inclusions,
sub-boundaries and insular grains, etc. However, these inhomogeneities
in a specimen may not exist in our high-purity single crystals. There-
fore, the plie-up effect of the group of dislocations is suggested. If the
the motion of non-screw dislocations is dominent before macro-yielding
and therefore the pile-up of edge dislocations occurs in the inner of local
slip bands, the state of very high stress will be formed at a head of
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Fig. 40 7,—x aBd ¢—x relations for pure iron at 4.2K.

pile-up. It was made clear from the present experiment that the micro-
twins was nucleated at a low stress level before macro-yielding at 4.2 K
when the dislocation structure containing mixed dislocation is formed in
a specimen by a small pre-strain at room temperature. From this fact
it can be presumed that the nuleus of a twin is formed by the pile-up
of non-screw dislocations. If such a nuleus is generated as a result of
inhomogenous deformation, the probability of forming pile-up dislocations
will be less in the specimen of a smaller size.
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Fig. 41 Dislocation structure in the specimen of pure iron
at 200K (a) and 30K (b) (2 % shear strain).
(x=4°, 2=46").

On the other hand, pole mechanism®’ has been offered as a mechan-
ism of the growth of a twin. It is based on the interaction between a
existing slip dislocation and a twin dislocation. The growth of a twin
is assumed to be more suppressed in the specimens of smaller size if
this mechanism is adopted since the number of pole dislocations is less
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in. the specimen of -a smaller size. This suggestion is. in good accord
with the experimental result that the width of a twin is also smaller in
the specimen of a small size (Fig. 21). The distance for twin propagat-
ing and the ‘simultaneous growth to the width can be given by the max-
imum side of a specimen.

The deformation-mode at very low temperatures dependmg on the
specimen size can be qualitatively explained by the mechanisms of the
nucleation and growth of a twin mentioned above.

4.2. Mechanism of slip deformation in iron

Characteristic features of slip deformation in high-purity iron single
crystals sufficiently free from the 1nﬁuence of impurity atoms were sum-
marized:

(1) characteristic features of deformation divides the temperature
range into three parts T<150 K, 150 K<7T<340 K and 7'<340 K.

(2) in the temperatue range 7<{150K the yield stress shows strong
temperature and orientation dependence when temperature is lowered.
At 4.2K the yield stress has a minimum at y=0° and the orientation
dependence of concave type with 7,/7,,.r=1.12 and 1.22 at x=-30°
and 30°, respectively. This relation is invariant in the temperature
range 7<{150 K. ' B ' o

(3 a hump appears on 7,—T curve in the temperature range 150 K<
T<300K. Activation area has a peak on 4*—r7, curve in the same tem-
perature range. -These hump and peak disappear by the addition of
solute carbon atoms. :

(4) 4H/ET gives, a constant value of 26-in the temperature range

above 30K, but in the temperature range below 30K it is reduced rapid-
ly when temperature is lowered. The strain-rate sensitivity is constant
below 10 K.

(6) the slip plane at 4.2 K is almost primary plane (101) at any
orientation. When temperature is elevated, the slip plane approaches
the maximum shear stress plane on average from (101). The dislocation
structure is governed by the screw character below 200 K.

(6)  in the temperature range 7°>340K the temperature dependence
of yield stress is weak and the orientation dependence disappears.

In this section, the experimental results mentioned above is discussed
from a point of view of dislocation theory, particularly keeping in the
accent on the BCC structure of iron.

It is clear that the strong temperature dependence of yield stress in
(2) is generally based on Peierls mechanism (mechanism of lattice fric-
tion) of a screw dislocation in BCC metals. This is supported from dis-
location structure in (5). As charcteristics of iron, the orientation de-
pendence of yield stress in (2), the existence of a hump or peak in (3)
and (101) slip plane can be.adopted. ' In comparison with other metals,
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the similarities have been recently recognized, such as the orientation
dependence of yield stress of concave type and (101) slip plane at 4.2K
for Mo’® and the existence of a hump in a lower temperature range for
Mo’ and Nb'™. However, great difference between iron and other me-
tals is the appearance of anomalous slip in the latter. The yield stress
in the latter, therefore, generally shows the monotonous function of g
at all temperatures except Mo at 4.2K’., The slip plane has been re-
ported to be anomalous plane (011) in Mo™, V® and Nb*® in comparison
with normal plane (I01) in iron and twinning plane (112) in less pure
Ta?®. The difference in slip between BCC metals will have to be expla-
ined from the nature of the core structure of a screw dislocation based
on the difference in inter-atomic force.

sFeele  Femlo 10,0520 _ Qoogdly
ry)s —sie. 1o (l’ccmsa L.cos )

a a2

T,=370MPa TIT=0.

. a=3
(1)

"0 1 2

el /-y

() —2/ 2

a=0

-50 -40 -30 -20 -10 0 10 20 30 40
X/b

Fig. 42 Critical shape (saddle-point configuration) of the double kink
on the Peierls potentials (camel-hump type (a¢=3) and sinus-
oidal type (a¢=0)) under various stresses. The direction of a
screw dislocation is parallel to X axis. I'(}) is the line energy
per unit length, ', and I'; the energy at the top and bottom
of the Peietls potential, respectively and 7, the Peierls stress.

The existence of a hump on 7,—T curve, which corresponds to-a peak
on A*—z, curve, can be explained from the Peierls potential of camel-
hump type according to the semi-quantitative theory by Dorn et al.}?®®,
In Fig. 42, the calculated saddle-point configurations under each. stress
are shown for two cases of potentials of camel-hump type (a=3) and
usual sinusoidal type (a=0°) where a screw dislocation is forming a
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double kink on a potential by the aid of thermal fluctuation. Activation
area is given by the area surrounded with the stable configuration of a
screw dislocaion before forming a double kink and the saddle-point con-
figuration. In case of camel-hump type, activation area has a peak at a
stress level of 7/r,=0.265, which is indicated by broken line in the
figure. In an alternative case, it monotonusly decreases with increasing
stress. Thus, the existence of a hump and a corresponding peak in iron
can be explained by the model of Peierls potential of camel-hump type.

However, it is not self-evident whether Peierls potential is essential-
ly of camel-hump type or not, but Takeuchi et al.??®¥%® and Kuramoto
et al.®®, who have performed computer simulation for a screw dislocation
using empirical interatomic row potentials, have given the interest re-
sults. Fig. 43 shows the typical core structures of a screw dislocation in
a BCC crystal under zero stress. The core structures are roughly divided
into two cases depending on the inter-atomic row potentials: degenerate
type (with two equivalent configurations in energy) (a) and non-degene-
rate (close to the linear elasticity solution) (b). The former has been
also reported by Vitek et al.?®, who has used empirical inter-atomic po-
tentials of Johnson. The latter also takes with metastable split configu-
ration (c¢) at a half of the unit distance in the motion of a screw dislo-
cation. This, therefore, means that Peierls potentials is of camel-hump
type shown in (d). The case of (a) is of sinusoidal type.

When the core structure of a screw dislocation is of special non-de-
generate type, the slip plane is almost normal (101) plane from the re-
sults by Takeuchi et al.?¥*¥%_  This is in accord with the experimental
result at 4.2K. Such a non-degenerate core also gives almost the same
7,—y relation of asymmetric concave type as that obtained from the
present experiment. However, the value of calculated Peierls stress is
higher by one order than the yield stress extrapolated to absolute zero
temperature.

Very recently, Masuda and Sato®”®® have introduced the effect of d-
electrons on the inter-atomic potential for simulating the core structure
and the motion of a screw dislocation, instead of empirical potentials.
Their results for iron show the same non-degenerate core and are in
rather better accord with the present experimental results than those
by Takeuchi, concept a slip plane.

According to theories by Dorn et al., Takeuchi et al. and Masuda and
Sato mentioned above, the characteristic features of slip deformation in
iron obtained in the present experiment can be explained from the mo-
tion of a screw dislocation with the non-degenerate core structure.

4.3. Quantum effect on a dislocation motion at very low temperatures
It was shown from the activation analysis that activation enthalpy or
AH/ET rapidly decreases when temprature is lowered in (4). The same
phenomenon has been observed in Ta*” in a BCC metal and ionic crys-
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tals®®, which are controlled by Peieris mechanism. This seemed to be
a rather universal effect on thermally activated process at very low tem-
peratures. The decrease of this exponent, 4H/kT is too large to be
explained by the change of the pre-exponential factors in the rate equa-
tion such as mobile dislocation density or the unit slip area in an activa-
tion event. It must be concluded then that some modifications are need-
ed to the classical Arrhenius type rate equation in the low temperature
region. As mentioned in the introduction two possibilities must be taken
into account in the case of b.c.c. metals, i.e. (1) the effect of tunnelling
of the dislocation through the potential barrier and (2) the quantum
effect on the vibrational mode of the dislocation caused by discrete ene-
rgy levels and the zero-point vibration. As for the first one, Arko and
Weertman®® and Natsik et al.?® estimated the temperature below which
the tunnelling effect becomes dominant and found it to be less than 1K,
although some ambiguities in the expression for the dislocation mass are
contained. The fact that the deviation of the value of AH,,,/kT from
the high-temperature constant value starts at around 30K, as shown in
Fig. 5, seems to show that the tunnelling effect is not responsible for
this anomaly at low temperatures.

As for the second effect, details were already described by Takeuchi
and Maeda®® in a previous paper and here a brief review will be given
below. The rate of the formation of a double kink is determined by the
probability that the amplitude of the dislocation vibration exceeds a
certain value at the saddle point configuration. Following the result of
Alefeld®®, the probability is expressed by a form of the Arrhenius equa-

tion, y=1, exp(—4H/ET), but with an effective temperature T,, instead
of T, given by

To= (S ae)/(k ) e
with

oy = 1/? Q,/I/M,co,
and

& = h—;)i coth ;%, .

Here, ¢, w;,, M, and Q; are average energy, angular frequency, effetive
mass and the normalized eigenvector of ith mode of vibration, respec-
tively. With the assumption of a narrow distribution of ;s that con-
tribute to the double-kink nucleation, eq.(l) is approximated by

¢ == % coth—g—%"— R , 1))

with T,=%w,/k, where o, is a representative value of the frequency. T,
tends to T,/2 at very low temperatures and to T at high temperatures.
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Fig. 44 Relation between T, and T as a function of T,.

The relation between T, and T is shown in Fig. 44. Thus, the detor-
mation of a crystal behaves quite differently from the classical rate
equation for temperature below 7,. In particular, at zero temperature the
activation enthalpy determined by eq.(2) has a non-vanishing value cor-
responding to the temperature T,/2, which also suggests non-zero strain-
rate sensitivity at zero degree, as seen in Fig. 30. Neglecting a weak
dependence of the pre-exponential factor on temperature (Alefeld*®),
the experimental activation enthalpy found by the conventional process
is written as

AH,, = d1Inv/0(—1/kTY4H(T/T,)*oT,/dT ©))
(T/T,)*oT,/2T in eq. (3) is plotted against T in Fig. 45. For the constant
strain-rate test, AH/kT,;constantEm. Then, from egs. (2) and (3).

AH ., /kT = m(T/T)3T,/dT = m(T,/T) cosech (T,/T) (4)

The frequency of the dislocation segment with a length L vibrating
in a Peierls potential valley is given approximately by (Leibfried®®)

® = v,{(w/L)*+7°/E]"* &)
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Fig. 46 Relation between (T./T)?(8T./0T)* and T as a
function of T,.

where v, is the shear wave velocity, E the line energy of the dislocation
and 7,0 corresponds to the force constant of the Peierls potential val-
leg. Approximating the Peierls potential by two parabolic curves, one
for the valley and the other for the hill, 7, is related to the Peierls
stress 7, by 7,=4r,. The segment length L that contributes to the
double-kink nucleation is related to the activation area A* by L==A4*/d,
where d is the activation distance of the Peierls potential under stress.
For the deformation around helium temperature, d will be of the order
of 0.1b. As in the case of the activation enthalpy, the relation between
A%, and A4* can be written as

Aty = 4*(T/T.) = A*(2T/T.) tanh —* ®)

The relation between T,/T and T is shown in Fig. 46. Values of A4*
have been calculated, as shown in Fig. 47. At helium temperature the
value of 4* is about 5b? which gives about 50b for the value of L as a

representative value in the present temperature range. Hence, values
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of T, have been estimated to be 15 and 16 K for orientations A and B,
respectively, using 9,=3.3X10°m/s, ¢,=370MN/m? (orientation A) and
450 MN/m? (orientation B) and E= ub*=5.3x107°J/m. In Fig. 48 the
relation between 4H,,/kT, normalized by the asymptotic value of m(~26)
and the reduced temperature T/T, (eq.(4)), is shown by a solid line
together with experimental values. The agreement between the theory
and experiment is satisfactory taking account of the above many 51mp11-
fications of the argument. :

In conclusion, therefore, a remarkable deviation from the Arrhenius
rate equation below 30K observed in the deformation of high-purity iron
single crystals can reasonably be interpreted by the quantum effect of
the dislocation vibration in overcoming the Peierls potential.

Very recently, the comment to our insistence based on theory of
Alefeld have been made by H. Suzuki®”.. His insistence is that the zero-
point energy is the lowest energy, is not allowed to cause any. fluctua-
tion of vibrational energy in a: fractional-part of a vibrating system and
therefore - effective . temperature is not represented by the sum of the


library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked

library2
ノート注釈
library2 : None

library2
ノート注釈
library2 : MigrationNone

library2
ノート注釈
library2 : Unmarked


PLASTIC DEFORMATION OF, HIGH-PURITY IRON SINGLE CRYSTALS
20 l‘ T T T T T T T
pure jron 9
(o)
15 T
~ o
2
L -
g
®10 i
c
k=l
2
°
<
orientation
5 oA ]
A B
o
0 1 1 1 1 1 1 | 1
0 10 20 30 40 50 60 70 80 90
T (K)
Fig. 47 Temperature dependence of the true activation area

calculated according to eq. (6).

zero-point energy and fhe thermal energy. He has suggested the opin-
ion of the process -of emission of a double kink.absorbing a phonon
from the analogy of the photo-electric excitation,
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Appendix

Definition of activation parameters

The average velocity, v of a dislocation that surmounts obstacles
with the assistance of thermal fluctuations is assumed to be given by a
“Arrhenius type relationship:

AG(}:*, T) )

v=Av exp(— T

(AD
where A is the distance moved after a successful fluctuation, v the fre-
quency of vibration of the dislocation, 4G(z*,T) the Gibbs free energy
of activation, k2 Boltzmann’s constant and T temperature.. This equation
only applies when there are no back-fluctuation. The plastic strain-rate
is also related the velocity of mobile dislocation through the Orowan
equation®® :

7 = bV o (A2)

where p, is the density of mobile dislocation and b is Burgers vector. .
The combination of egs. (A 1) and (A 2) yields a typical Arrhenius
rate equation of deformation:

T = To€Xp (—‘,’e—T) (A3)
from 4G = AH— 4S8

where 7, is Avp.b exp (4S/k) and 4H and A4S is activation enthalpy and
entropy, respectively. Based on eq. (A 3) and the assumption of con-
stant 48, the activation enthalpy may be expressed as:

<a 1n§’—) .
— —kT? To| (O7*) _ _p4x ar*) - ’
4H = —KT* exp\ ) T( ar);." bA T(.aT : (an
and the activation area is defined as
kT 1 :
A¥ = — B2 =
b B . (AS)
where f is strain-rate sensitivity and is given by
° *
B=[—"= (A6)
dInL T - ' '
To

Activation area and strain-rate sensitivity can be determined from
stress relaxation test using fundamental equations mentioned. above.:
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The imposed strain-rate during a constant strain-rate can be divided
into two components, elastic and plastic:

Te=Tet7s o - ‘ (AT
when the crosshead is stopped for the load to be relaxed, 7:,=0° and
Tr=—Te= —Kar (A8)

where K,=1/E+A4,/S1,, A, and 1, are the guage area and length of a
specimen at the beginning of relaxation, respectively, and ¢ the stress-
rate during stress relaxation. S and E are the spring constant and
Young’s modulus, respectively. Strain-rate sensitivity of eq. (A 6) is,
therefore, rewritten to the form:

£ 3
p=—2T
- T
aln(—ﬂ) .
1 _9ln(-7)| olnM :
or F= o* B |, (A9

by use of eq. (A 8), where M is r,/K,.

During stress relaxation eq. (A 9) is given as a function of relaxa-
tion time, ¢#. The physical quantities obtained from the stress relaxation
curve are the relaxed stress, drp(f) and stress-rate, —r(f). From the
plots of 4r, and —r, the slope, —dIn (—%)/GATR is obtained. This
slope is equivalent to 9ln (—z")/ar from the relation of drp=rty—7,
where 7, is the applied stress at the beginning of relaxation. As stress
relaxation advancing, the athermal stress component, r, and the pre-
exponential factor, M, especialy the density of mobile dislocation, p, in
it, will change gradually. The true strain-rate sensitivity which corre-
sponds to the flow stress at the beginning of stress relaxation must be
then estimated by taking account of these changes. This can be done
by extrapolating back to =0, where the additional changes appraoch
zero value. Namely, one has

lim [3 In (—1)/3r] =lim [31In (—1)/d7] = Bln(—1) /37

—r=—19

or rmrg

(A10)

and lim [0 1n M/27] = lim lim [8In M/37] = 0 (A1D)
t-0 =0 3T, .

or §py—0

Therefore, the true strain-rate sensitivity and activation area are
obtained from the curve of In (—7) v.s. 47 as follows:
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B =1/[01n (~7)/3(d7)] | 4gmo (A12)

A% = — H 1510 (—)/8(de0)] Liges (A13)

In general one can think that a decrease in stress in a time interval

short compared to y,/v cannot change p, where y, is a mean free
path®®,
Activation enthalpy can be obtained from eq. (A 13) and the slope,

oT
negligible.

(ar,). under the assumption that temperature dependence of 7, is
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