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A new method for determining the total number of dislocations per unit area, as well as the frac-
tion of screw and edge components, is presented. Single-crystal specimens which have been (a) bent
over a mandrel, (b) cold rolled at room temperature, and (c) deformed in tension at 200 K have been
studied. Etch pits were studied in connection with this work and were found to be primarily of the
(111) type. The density of emergent dislocations as determined by the etch pits was found to be
smaller than the number determined by the positron-annihilation technique.

I. INTRODUCTION

It has been recognized for some time that positrons can
be trapped by dislocations before they annihilate, and that
their lifetime!~* is similar to, but generally smaller, than
the lifetime of positrons trapped at other defects such as a
monovacancy.’ Apparently the first observation of trap-
ping in dislocations was made in 1964 by Dekhtyar et al.!
This was followed in 1967 by Berko and Erskine’ who
studied the angular correlation of annealed and deformed
aluminum and concluded that the positron would be lo-
calized on the dilatational side of a (edge) dislocation.
This was before the introduction of the trapping model by
Bergersen and Stott® and by Connors and West.” A num-
ber of studies followed. Doyama and Cotterill® listed the
lifetimes for annihilation in the bulk and in dislocations
for a number of metals, and these are generally quite close
to the currently accepted values. Most of the detailed
studies which involve positrons in metals have concentrat-
ed on vacancies and vacancy clusters.

A number of studies have recently been published®
in which the annihilation characteristics of trapped posi-
trons in cold-rolled metals are described in terms of the
generic “dislocations” (by this phrase the authors mean a
single trap component was fitted and labeled “due to a
dislocation” when several types of dislocations were prob-
ably present) and alternatively in the case of iron, in terms
of carbon-vacancy interactions,'> and even in terms of
trapping by self-interstitials by Frank el al.'* There has
been little agreement on whether the positron is localized
in the vicinity of the dislocation or in its core, or by some
other defect associated with a dislocation. This may re-
flect the general conviction best expressed by Siegel!® that
positrons will not readily bind to dislocations but only at
jogs along them. It was reasoned that the lifetime in this
trap should be similar to that of a vacancy. Doyama and
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Cotterill® were the first to argue that “once a positron ar-
rives at the core of a dislocation, it diffuses very quickly
[pipe diffusion] until it finds a vacancy attached to the
dislocation or a jog of the dislocation, it is trapped and
annihilates there.” However, there is little convincing evi-
dence today that pipe diffusion of positrons along disloca-
tions is to be preferred conceptually over trapping on the
dislocations line segment with no significant diffusion
along the dislocation. Attention is directed in this paper
to the effectiveness of trapping by edge and screw disloca-
tions, and by the ability to determine the number of dislo-
cations of each type per unit area.

II. EXPERIMENTAL PROCEDURE

A. Preparation of specimens

The single crystals of iron were prepared by a strain an-
neal technique.'® The starting material was Materials
Research Corporation MRC-VP grade (99.95 at. %) rod
with an approximate diameter of 9.5 mm. The impurity
content of a rod is presented in Table I. These single-
crystal rods were cut in the electric-discharge machine
(EDM) into disks, the thickness of which ranged from 0.3
to 1.2 mm. Tensile specimens were sliced along the rod
axis and the final shape was produced with the EDM.

These specimens were mechanically polished with dia-
mond paste and then with 0.03-um alumina slurry. Next
they were chemically polished in a solution of 80% hy-
drogen peroxide (30% aqueous solution), 5% hydrofluoric
acid (48% aqueous solution), and 15% water. The dimen-
sions of the tensile specimens in the gage area were
11 3.0 mm? and the range of thicknesses was between
0.4 and 1.1 mm. The polished samples were annealed and
purified in a circulating ZrH, furnace at 1120 K for about
80 h. A thermodynamic argument was reported by Stein
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TABLE 1. Chemical analysis of the starting material MRC-VP grade iron as reported by the Materi-

als Research Corporation. Values are in wt. ppm.

H C N (6] S Mg Si Al Ca
<1 18 <1 33 40 <10 50 60 <10
Ni Cu Ti Cr Mn Ag Sn Pb others
<10 30 <10 30 30 <5 <30 <30 no data

et al.'’ that the carbon, nitrogen, and oxygen contents
should be almost undetectable after this treatment. More
recently Meshii and coworkers'® reported that the content
of interstitial impurities such as C and N could be re-
duced substantially more than the O content.

Annealed, bent, and cold-rolled single-crystal specimens
of Fe were measured at room temperature. For some of
the above specimens that were deformed at low tempera-
ture, measurements were made at liquid-nitrogen tempera-
ture using a specially designed Dewar in order to retain
the as-deformed dislocation structure. Some of the disk-
shaped specimens were bent at room temperature over
mandrels with differing diameters. Deformation by ten-
sion was carried out in a dry ice and methanol bath at 200
K with a strain rate 1 107* sec.”! Shortly after defor-
mation, the specimens were quenched into liquid nitrogen.

B. Positron-lifetime measuring system

Positron lifetimes were measured by a fast-fast system.
This system measures the time interval between (i) the ar-
rival of the first ¥ ray of 1.28 MeV which is emitted from
the 2!Ne nucleus about 10 psec after the positron is emit-
ted from the ?Na nucleus and (ii) the detection of one of
the two 0.511-MeV v rays which results from the annihi-
lation of the electron-positron pair.

The positron source was prepared from an aqueous
solution of 2?NaCl which was evaporated onto a thin ti-
tanium foil (~ 1.13 mg/cm?), covered with a like foil, and
then sandwiched between two identical specimens. This
sandwich was held in place by wrapping it in aluminum
foil. Since the two ¥ rays from ®Co are emitted at nearly
the same time, the measured time spectrum using them as
start and stop is a close approximation of the prompt
resolution curve.!*?® Since the energy spectrum of >Na is
different from that of ®Co, there might be some deviation
between the natural resolution and the measured prompt
curve using %Co. 2%

Figure 1 shows the time spectrum measured with ¥Co
and the fitted function (the prompt curve extracted from
the spectrum in the fitting routine) in well-annealed iron
single crystals with 22Na. The resolution function we used
was a Gaussian with a double-sided exponential.>*?* The
full width at half maximum (FWHM) of the ®Co spec-
trum is 299 psec and that of the 2*Na is 301 psec.

In order to test the timing system further, the lifetime
of 2’Bi was measured. This isotope is known to be an ex-
cellent standard, since it emits two y rays of 1.06 and 0.57
MeV, which are similar to the ¥ rays of **Na, and the life-
time of the metastable state is 187 psec.?>?® Moreover,

there is no source component to subtract from the experi-
mental spectrum when using **’Bi which might cause er-
ror in the positron-lifetime measurement. A 21.4-uCi
207Bj source was placed between two scintillators and the
time spectrum was collected without changing the settings
of the lifetime system (**Na windows). Figure 2 shows
the variation of the lifetime (actually the time difference)
and X2/v as a function of the right-hand slope of the reso-
lution function (R). The lifetime decreases as R is in-
creased because a larger fraction of the time spectrum is
deconvoluted as a resolution function. The X?/v parame-
ter has a minimum for R values around 45 psec and in-
creases rapidly if R is increased further. If we choose the
minimum value of the X2/v condition for the best slope,
the time difference between the generation of the two y
rays in 2°’Bi is 185+0.5 psec which is in quite good agree-
ment with MacKenzie’s value.?>2°

A fitted value of R less than 45 psec would, in general,
be acceptable as causing a minimum uncertainty in the
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FIG. 1. Measured resolution function obtained with *°Co and
the fitted prompt curves (extracted from the spectrum in the fit-
ting routine) measured with 2?Na and 2°’Bi.
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FIG. 2. Variation of the lifetime and X¥?/v as a function of
the right-hand slope of the resolution function R for 2*’Bi.

measured lifetime. Therefore, in analyzing the lifetime
spectra the initial value of R was chosen near 45 psec, and
the other parameters were initialized using the values ob-
tained with 2'Bi. The resolution function obtained with
the 2’Bi spectrum is similar to that for ??Na.

1. Treatment of the lifetime data

The intensity of a component of the lifetime spectrum
due to a particular trapping site (in which the positron
lifetime is 1 /A7) is given by the expression®’

=— (m
)"b ——KT+2 Kj
where
kr=prCr . 2

Here k7 is the positron trapping rate in the specific
trap, 1/A; is the lifetime in the bulk, pr is the specific
trapping rate for the trap, Cr is the trap concentration,
and the summation runs over the trapping rates of all the
j traps. It is the ability to resolve the various I;’s associ-
ated with the various traps present that allows a meaning-
ful study of multiple-trap systems.

A source component was subtracted from the spectrum
before fitting the data with the trapping model.*’ When
the specimen was not in the liquid-nitrogen Dewar, the
source component was 340 psec with an intensity of
~5.5%. When the annihilation spectrum was measured
for a specimen at 77 K in the Dewar, the source com-
ponent increased to 570 psec with an intensity of ~8%.

2. Reproducibility and accuracy of the system

More than 10° counts were taken in almost all of the
experiments to ensure low values of X2/v. The positron
lifetimes obtained (assuming only one trap) for a repeti-
tion of runs with the same specimen differ only by 2 psec,
and results of measurements on different specimens vary
within the same range. The mean of all the lifetime deter-
minations for annihilation in the trap-free bulk is 114+2
psec. This value is in good agreement with four indepen-
dent values reported for iron, namely 117 psec reported by
Doyama and Cotterill,® 111 psec by Cao Chuan et al,*®
110 psec by Hautojarvi and co-workers,'>!> and 108 psec

by Van Brabander et al.'°

As a further check on the compatibility of the two-
lifetime systems used, well-annealed, high-purity alumi-
num specimens were measured at Northwestern Universi-
ty and at Brookhaven National Laboratory. The two life-
times were 164.1+3.7 and 162.5+1.6 psec, respectively.
Not only are these two values very close to each other,
they are in excellent agreement with the reported value for
Al of 163 psec by Schultz et al.,* and of 161+2 psec by
Hall, Goland, and Snead.*°

C. Doppler-broadening measuring system

The line shape of the Doppler-broadened y rays from
positron annihilation was measured with a high-purity
germanium detector (Ortec model No. GEM-10175). The
energy resolution (expressed as FWHM) was 1.70 keV at
an energy of 1.33 MeV from %Co.

The Doppler-broadened line shape was analyzed using
line-shape parameters after subtracting the background
expressed as a two-sided error function discussed by Jorch
and Campbell.’! In simplified line-shape analysis, the
Doppler spectrum is not fitted, but areas under the curve
in limited energy ranges are compared. The peak-to-wing
parameter P/W used here is the ratio of the area under
the central 19 channels to the area of the two wing por-
tions centered 38 channels on either side of the peak chan-
nel. The absolute value of P/W is larger than P and,
hence, is more sensitive to changes in the defect concen-
tration. A small amount of algebraic manipulation will
show that the P/W is the ratio of two linear functions of
the defect concentration, and thus is in fact a linear func-
tion of the latter (to the first approximation) with a small
remainder. Byrne and co-workers®? found that P/W is a
linear function of the density of dislocations measured by
x-ray line breadth. If a specific value exists for both the
peak and the wing for a given type of trap, then a (P/W);
exists for the jth type of trap, and one can form a linear
combination of these values.

The trap concentration Cy can be expressed®’ by anoth-
er equation:

(3)

where F is any characteristic property or parameter of the
positron annihilation process which is a linear function of
the positron state. Then Fr and F, are F values of the
trap and trap-free bulk, respectively.

The line shape was found to be dependent on the count-
ing rate as was observed recently by Nielsen.’® As the
counting rate decreased, the value of P increased. Howev-
er, these changes became very small when the total count-
ing rate was near 2103 sec™!. This counting rate was
adopted.

III. RESULTS

A variety of results are reported in this section such as
the lifetimes of the two basic types of dislocations as well
as the results of etching the specimens to develop etch pits
and counting them by means of replicas examined in a
transmission electron microscope.
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FIG. 3. Doppler-broadening line-shape parameter for bent iron crystals: (a) P/W parameter as a function of the curvature (re-
ciprocal of the mandrel diameter), (b) the same parameters as a function of the square root of the curvature. The error bar is the

same size as the marks. Solid lines are guides to the eye.

A. Cold-bent specimens

Single-crystal specimens were bent to a fixed diameter
by means of a machined cylinder mating a fixed mandrel.
The concave and convex sides of the bent specimens were
studied separately. In Fig. 3(a) typical results are plotted
versus D!, and in Fig. 3(b) versus the square root of
D!, where D is the diameter (of curvature) of the man-
drel used, which in turn is linearly dependent on the
strain. Because of the formation of redundant disloca-
tions during the deformation, the number on either side
should not be expected to be as small as the minimum
number of dislocations needed to produce the curvature.
The latter depends on the net number of dislocations. The
single-lifetime fit of the dislocation traps gave a value of
165+5 psec. The densities determined for the two sides of
a specimen are presented in a later section.

7.5 ! j
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B. Cold-rolled specimens

Some of the early results for cold-rolled single-crystal
specimens are presented in Fig. 4(a). The y axis of the
left-hand panel is the peak-to-wing parameter P/W from
the Doppler-broadening measurements. The fraction of
positrons annihilating in the “trap” I, is shown in the
right-hand side of Fig. 4(b). The lifetime in this trap was
155+3 psec. In contrast to the lifetime found for the
cold-rolled specimens, the single lifetime in traps of the
bent specimens was 165+5 psec. It thus becomes ap-
parent that the lifetime difference for the two types of de-
formation is reflecting a different distribution of the types
of traps present after the deformations. Reasonable
linearity is exhibited for small strains when the trapping
rate k7 is plotted versus the square root of the strain as is
shown in Fig. 5, where the P parameter from the
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FIG. 4. Positron annihilation measurements on cold-rolled iron: (a) the peak-to-wing (P /W) parameter of Doppler broadening, (b)
the fraction of the positron annihilating in the trap with the lifetime 155 psec. The error bar is the same size as the marks. Solid lines

are guides to the eye.
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FIG. 5. Positron annihilation rate in the defects of cold-
rolled iron single crystal 2 as a function of the square root of the
deformation, namely the reduction in thickness. The error bars
are the same size as the points plotted.

Doppler-broadening data for the cold-rolled specimen was
used. The trap concentration variation with strain will be
discussed in detail later.

C. Effect of tensile deformation at dry-ice temperature

There is general agreement>**® that screw dislocations

are produced primarily in high-purity iron samples which
are deformed in tension at 200 K or lower. We investigat-
ed the possibility that the annihilation rate in screw dislo-
cations might be different from that of an edge.
Stress-strain curves for two different orientations of Fe
single crystals are shown in Fig. 6. There is some evi-
dence of a weak yield point. The inset shows the orienta-
tion of the single-crystal sheets. The orientation of zone-
refined single iron crystals used by Kimura and Kimura®®
was slightly different but showed quite similar stress-
strain behavior. When the lifetimes from these specimens
were analyzed, the value of approximately 142 psec (for a
single-trap fit) emerged. It is important to note that the
fraction of positrons annihilating in this trap increased
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FIG. 6. Stress-strain curves of iron single crystals deformed
in tension at 200 K.
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FIG. 7. Total fraction of the positrons annihilating in traps
at 77 K of single crystals 1 deformed in tension at 200 K.

monotonically with the tensile strain.

The fraction of positrons annihilating at 77 K in the
traps created by deformation is plotted (for a single-trap
fit) versus strain € in Fig. 7. Using a two-trap model, two
curves of kg are presented in Fig. 8; one for 142 and the
other for the 165 psec components resolved. As noted
above, the relative trapping rates k are directly propor-
tional to each dislocation density pr. As has been report-
ed by Kubin,’’ the number of edge components rises ini-
tially more rapidly than the number of screw components
for low-temperature tensile deformation, and as observed
here, after about 3% elongation this situation reverses and
further deformation of iron at 200 K produced mainly
screw dislocations. In the absence of any definitive infor-
mation about the specific trapping rate from dislocations,
the authors used an “average” value of the specific trap-
ping rate ur to estimate total density of dislocations.
Subsequently the specific trapping rates for the edge and
screw dislocations were handled separately.

The smaller dilatational field, vide infra, around the
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FIG. 8. Positron trapping rates at 200 K in edge and screw
dislocations in single crystal 1 deformed at 200 K in tension.
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core of the screw dislocation compared to that of an edge
dislocation,*® would suggest that ur would probably be
smaller for the screw components. Consequently the
number of screw dislocations would be relatively even
larger than Fig. 8 would imply. There appears to be gen-
eral agreement among electron microscopists that the col-
lection of screw dislocations formed at 200 K in iron be-
comes motionally (mechanically) unstable when the tem-
perature approaches room temperature. Crystal 2, after
straining 4.5%, had a ratio of the two trap intensities of
4.5 (using identical specific trapping rates). The specimen
that was deformed at 200 K was permitted to warm up
and was kept for 48 h at 300 K. Upon measuring the life-
time spectrum again at 77 K, the ratio of I(screw) to
I(edge) decreased to 1.5. This is certainly consistent with
the anticipated disappearance of screw components.

In order to confirm further the suspected recovery of
the screw dislocations with which we associate the disap-
pearance of the 142-psec lifetime component, a series of
internal-friction measurements were performed. Speci-
mens for vibrating-reed measurements were spark cut
from the same stock the positron specimens came. Stan-
dard phase-locked-loop and capacitive-pickup techniques
were used for fundamental-mode vibrations of ~ 500 Hz.
Specimens were pulled in tension to strains of 3.5% and
10.1% at 200 K. They were mounted cold and the inter-
nal friction monitored for consecutive runs from 6 to 350
K.

For Fe deformed below room temperature it is well es-
tablished that there is an internal friction peak near 30 K
(the a peak) which is associated with double-kink forma-
tion on nonscrew dislocations, and a peak near 300 K due
to double-kink formation on screw dislocations.® We
first made measurements on a crystal that was annealed
and undeformed. There was a monotonic increase of the
internal friction Q ! with temperature with no structure
present (data not shown). For the specimen deformed to

DEFORMED AT 200°K

€=35%
f300 =540Hz
3 0r
o 20f y
¥
e
first heating

_ -~ second heating

o 100 200 300
Temperature(K)
FIG. 9. Internal friction of the iron single crystal deformed
by tension at 200 K. Second heating was measured after anneal-
ing at 350 K for 1 h.

3.5% at 200 K the two runs to 350 K are shown in Fig. 9.
In the first warmup following the deformation, both the a
and the y peaks are present. Following the first warmup,
the holding at 350 K for 1 h, the second warmup shows
the disappearance of the y peak that is associated with the
screw dislocations. Similar results are obtained with a
specimen deformed to 10.1% at 200 K and shown in Fig.
10. (The peaks at ~140 K are probably due to defect-
dislocation interactions.) For both deformations it is clear
that the anneal above room temperature suffices to re-
move the screw dislocations which are the cause of the y
peak, and which also coincides with the disappearance of
the 142-psec lifetime component as discussed above.

Low-temperature-deformed single-crystal sheet speci-
mens were examined by etch-pit techniques. The same
specimens from crystal 1, which had been measured by
positron annihilation, were chemically polished in a solu-
tion of 80% hydrogen peroxide (of 30% aqueous solu-
tion), 5% hydrofluoric acid (48% solution), and the bal-
ance water. Then they were etched in the potassium
sulfate + sulfuric acid mixture recommended by Shemen-
ski, Beck, and Fontana.*

In order to resolve the individual etch pits so they could
be counted, the etching time was reduced to 20 sec. A
two-stage carbon replica was made of the etched surface
and the former shadowed. The increase in the number
density of pits with increasing strain as photographed in a
transmission electron microscope can be seen in Fig. 11.
In counting the etch pits, enlargements of the original
photographs were used. Pictures were prepared from
several different areas of the specimens and the average
number of pits was divided by the area in the photograph.
This number was taken as the total dislocation density.
Results are presented in Table II and the data are plotted
in Fig. 12 to show the linear dependence on the true
strain.

40 T T —

DEFORMED AT 200°K
€ =101 %
f300=440Hz

102Q""

o 100 200 300
Temperature ( K)
FIG. 10. Internal friction of the iron single crystal deformed
by tension at 200 K. Second heating was measured after anneal-
ing at 350 K for 1 h.
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FIG. 11. Transmission electron micrographs of replicas of the etch pits developed on the surface of iron single crystal 1 deformed
in tension at 200 K for increasing amounts. (a) e=1.0% strain, (b) €=2.5%, (c) e=7%, and (d) €=9.3%.

IV. ANALYSIS OF THE DATA:
DETERMINATION OF DISLOCATION DENSITY

This section consists primarily of the determination of
the specific trapping rates after the number of dislocation
of the edge and screw types had been determined.

In Egs. (2) and (3) above, a trap concentration can be
calculated if the specific trapping rate ur for a specific
kind of a trap is known. Unfortunately there are no pub-
lished values of the specific trapping rates for dislocations
in iron. The present concomitant measurements of both
the Doppler profile and the lifetime on the same specimen
offer the possibility of using the two equations to deter-

TABLE II. Dislocation densities in iron crystal 1, deformed
at 200 K which were obtained from etch-pit counts.

True Dislocation
strain Density
(percent) (10" m?)
1 2
2.5 5
7.0 7
9.3 9

N

@
T

Dislocation Density (10®/m?)
o

(0] 2 4 6 8 10
True Strain (%)

FIG. 12. Dislocation density in iron single crystal 1, which
was deformed in tension at 200 K. Solid circles represents the
total dislocation density as measured by positron annihilation
and open circles are the values from the etch-pit measurements.
Triangles and squares represent the edge and the screw com-
ponents measured with positron annihilation.
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mine two unknowns. Note that x in Eq. (2) can be deter-
mined from positron-lifetime spectra, and F can be re-
placed by the P parameter determined from the Doppler-
broadened line shape to yield a second value.

We have estimated the specific trapping rates for the
dislocation species in cold-rolled specimens in the follow-
ing manner. Yamakawa et al. reported the dislocation
density in pure iron*' and in low-carbon steel.” Their
specimens were deformed at room temperature and mea-
sured by electron microscopy, x-ray line broadening, and
hydrogen permeation. Their results were internally con-
sistent. Since it is difficult to locate this journal,*"** their
data are replotted in Fig. 13. They also separated the den-
sities of edge and screw dislocations based on the profile
of certain x-ray diffraction lines.

In the following calculation, the total dislocation densi-
ty was deduced from their values obtained by electron mi-
croscopy that were carried out at the same two levels of
strain in both our work and in Yamakowa et al. In addi-
tion, the ratio of screw to edge dislocations was also ob-
tained from their x-ray results. By using the total disloca-
tion density for the 5% and 10% deformations from
Yamakawa et al.,*""** with the present values of k deter-
mined in our lifetime spectra, the specific trapping rate
for a generic or average dislocation was calculated. This
is a reasonable assumption to make initially in the absence
of any prior determination. The total density was then
calculated from the P parameter data of the Doppler-
broadened lines from the same two specimens using the
average ur just obtained. When lifetime data are used,
two trapping rates k; (one for edge and the other for
screw) can be deduced. The concentration or density is in-
versely proportional to the specific trapping rates pr.

The Doppler-broadening data are represented by one (or
at best two) simple shape parameters. These are capable
of yielding the average (total) dislocation density, but
without detailed deconvolution of the broadened line,
discrimination between edge and screw dislocations is not
possible. Therefore, other data, external to the position
annihilation data, are needed to separate the two specific
trapping rates w7, from the combined or total density of
dislocations. The numbers of edge and screw dislocations
were then estimated using the ratio given by Yamakawa et
al. Thus two trapping rates were separated for the edge
and screw components. In this way, the data were nor-
malized. These results are presented in Table III. The
sum of the second and third columns agrees well with the
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FIG. 13. Dislocation density as a function of the true strain
measured by various methods [from Yamakawa er al. (Ref.
41)].

total density observed by Yamakawa. The two specific
trapping rates in the fourth column and in the fifth
column are similar. Average values of 5x10~° and
7% 10735 m?/sec can be used for other determinations of
screw and edge components. As was anticipated, the
specific trapping rate we have obtained for a screw dislo-
cation u, is smaller than that for an edge dislocation p,.
Kuramoto et al.*® also briefly discussed that such a result
would be reasonable to expect.

These specific trapping rates were used with their
respective k7 values to estimates the dislocation densities
of iron single crystals produced in two ways, both in bent
specimens and in those deformed at low temperature. The
specific trapping rate for an edge dislocation was used in
calculating the dislocation density in bent specimens as
shown in Table IV, the dislocation density on the convex
side (tension side) is somewhat higher than on the concave

TABLE III. Specific trapping rates for edge and screw dislocations in iron single crystals.

Density of Density of
screw dislocation® edge dislocation® s ne
Deformation (m~?) (m~?) (m?/sec) (m?/sec)
5 0.9x 10" 0.6 10" 6.1x1073 7.8x10°°
10 3.3x 10" 1.7 x 10" 4.0%x1073 6.2x107°
average 5.1x10°° 7.0x10~°

2Obtained from the total dislocation density and the ratio of screw and edge component reported by

Yamakawa et al. (Ref. 41).
The specific trapping rate in the screw dislocation.
“The specific trapping rate in the edge dislocation.
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TABLE IV. Calculated total density of dislocations in bent
single crystals of iron (in units of 10'* m~2). (Lifetime observed
was 165+5 psec.)

Diameter
of mandrel Concave Convex
(mm) side side Difference
50.8 1.0 1.5 0.5
20.2 1.3 2.5 0.8
19.1 2.0 33 1.3
12.7 2.9 3.9 1.0

side (compression side). An excess is to be anticipated
since the curvature of the specimen depends on it.

It has been reported* that in the early stages of defor-
mation there is a linear portion in the relationship be-
tween the dislocation density and the strain. This lineari-
ty was satisfied up to at least a true strain of ~10%.4*
We note that the total dislocation density measured by the
etch-pitting technique is somewhat lower than that mea-
sured by positron annihilation (see Fig. 12). However, the
slopes of the total density versus strain curves are quite
similar to each other. In interpreting the etch-pit tech-
nique some of the dislocations might not be revealed be-
cause a short etching time was used to increase the resolu-
tion, and therefore the actual dislocation density could be
higher than the number of etch pits. When this is con-
sidered, the total dislocation density measured by positron
annihilation is considered to be in very good agreement
with the density as inferred from the etch pits.

In Fig. 12 the slope of the screw component is similar
to that of the total dislocation density but the edge com-
ponent has a much smaller slope, which implies that the
screw dislocation concentration is dominant during defor-
mation at this temperature.

V. DISCUSSION

Several subjects are taken up under this heading. First
is the question of ultimate trapping of the positrons at
dislocations versus jogs, which is central to this investiga-
tion. Next is the resolution of two different lifetimes for
the dislocation components is discussed. The specific
trapping rate the authors obtained is compared with
values which were previously reported but not em-
phasized. Then some results obtained by others are sum-
marized. General suggestions for further work are given.

A. Discussing jogs versus dislocations

In 1979 Doyama and Cotterill,® referring to their paper,
stated, “There is not much of an opening of ions at the
core of the dislocations. Therefore positrons probably do
not annihilate at the normal sites of the core of the dislo-
cations.” In their Fig. 1 the arrangement of atoms on
three consecutive (112) planes does not indicate much di-
lation around the screw dislocation. However, by using
anisotropic elasticity theory, an alternating threefold dila-
tational field is indicated for a screw dislocation.’® Al-
though the dilatational field is 60—70% smaller than
around an edge dislocation, it is still appreciable.

Doyama and Cotterill,’ to make the point, illustrate the
constriction of dislocation ribbons associated with the for-
mation of a jog. The drawing appears to be applicable to
face-centered-cubic metals. However Argon and Mof-
fatt*® have shown the atomic positions near an acute jog
in a body-centered-cubic metal. One can see appreciable
“spaces” which occur that are similar to those along the
edges of the ribbon.

Smedskjaer, Manninen, and Fluss*’ suggested that there
is insufficient interaction between a (edge) dislocation and
a “positron to trap the latter long enough to increase its
lifetime.” It was more probable, in their opinion, that the
dislocation would serve as temporary storage and that dif-
fusion of the positron would occur readily along, or paral-
lel to, the dislocation core until the positron came under
the influence of a jog. They suggest that the jogs might
be 100—1000 Burgers vector lengths B apart. The latter
(jogs) would be expected to form by dislocation-
dislocation interactions—mainly by one dislocation cut-
ting across another, i.e., to form when the dislocation den-
sity becomes high. Cross slip could also produce this type
of jog. While they presented a kinetic analysis to show
that certain phenomena could be explained by means of
their model, there has been very little direct evidence
presented to support this concept.

Admittedly most of the positron studies have been car-
ried out in the past after a substantial reduction in thick-
ness has occurred; i.e., after 20—50 % cold work it would
be very likely that complex dislocation arrangements
would be observed with the electron microscope. In fact,
there appears to be a paucity of confirmatory examination
of specimens in the transmission electron microscope ei-
ther before or after submitting these specimens to positron
annihilation.

The positron may be “trapped” but not immobilized
within the core of the dislocation. It does not escape, it
merely finds a deeper trap somewhere along the disloca-
tion at, for example, a jog. This implies high positron-
migration velocities down the core. While it is well
demonstrated that the diffusion of substitutional atoms is
facilitated by pipe diffusion along a dislocation, there
seems to be much less convincing evidence for pipe dif-
fusion of interstitial atoms (other than self-interstitials.)
There is evidence that hydrogen is transported by moving
dislocation during straining,** =" but not along the dislo-
cation.

There is evidence that positrons can be trapped at dislo-
cations with sufficiently low binding energies that sites
other than jogs, which are considered deep traps, are indi-
cated. Smedskjaer et al.*’ calculated a binding energy to a
“perfect” dislocation line for positrons of 0.1 eV. Snead
et al3"®31® found the value of 0.1+0.05 eV for the
binding of positrons to shallow traps (dislocations) in Mo.
The release of positrons from these traps upon warming
between 77 and 300 K demonstrates the possibility that,
at least at low temperatures, the positron is trapped on the
dislocation and not in the deeper jog traps. For trapping
at screw dislocations, the same low binding energy might
cause detrapping if the measurements were carried out at
higher temperature. Our measurements were at 77 K
where such detrapping effects should be minimized.
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Low and Turkalo®? studied dislocation multiplication in
silicon-iron single crystals using a transmission electron
microscope. In specimens deformed by compression, at
1% the number of jogs in a 1 cm length of screw disloca-
tion was approximately 2 X 10*. This means that the aver-
age distance between jogs is about 0.5 um, and the con-
centration of jogs in the specimen in which the density of
dislocations is 5X10'* m? reduces to 1.2X10~° per Fe
atom. This frequency of jog occurrence is very similar to
the number which Smedskjaer et al.*’ used, namely a jog
every hundred | B | along the dislocation. Even if the jog
is assumed to have ten times higher trapping capability
than a monovacancy this concentration is too small to be
of any significance in direct positron trapping. The lower
limit for detection of vacancy concentration is of the or-
der of 0.1 ppm (Ref. 53) with currently available equip-
ment. Jogs of this separation and density could only play
a role if, as Smedsjkaer et al. postulate, the positron local-
izes on the dislocation line and rapidly diffuses along it to
the jogs. The rate-limiting step in the ultimate trapping
state of the positron does not then involve the cross sec-
tion of the jog per se, but rather the trapping cross section
of the dislocation line itself. This concept of increasing
the efficiency of a trap by reducing the dimensionality of
the diffusion process is nicely demonstrated by Adam and
Delbriick.** It should also be kept in mind that the above
estimations of jog densities are based upon transmission-
electron-microscopy (TEM) observations. Nothing has
been said about the possible existence of high concentra-
tions of jogs with atomic dimensions that are below the
resolution of TEM studies.

B. Direct observation of dislocation structure

Thin foils were prepared from low-temperature de-
formed and room-temperature cold-rolled specimens.
Disk specimens were cut by an electric-discharge machine
(EDM) and were thinned in a fresh solution of hydrogen
peroxide and hydrofluoric acid. The final thinning
beyond 0.15 mm was done by jet polishing in a dry-ice
and methanol bath with Nital. A current density of 3
mA/mm? was employed at an applied voltage of 60—70
V. The thinned foils were stored in liquid nitrogen exam-
ined in the Hitachi 200-keV electron microscope operating
at 200 keV. A double tilting stage was used.

Figure 14 shows the dislocation structure in the (201)
plane of the iron single crystal (crystal 1) deformed 2.5%
at 200 K. Straight dislocations are aligned parallel to the
[111] direction. The Burgers vector of perfect disloca-
tions is of the (a/2)(111) type. The length of any (100)
dislocations, formed by interaction between primary and
secondary dislocations is very short. The dislocations in
Fig. 14 are primarily screw dislocations of the
(a/2)(111) type.

The dislocation structure in the (011) plane of crystal 2
is shown in Fig. 15. This photograph is similar to that re-
ported by Spitzig and Thomas® for iron deformed at 173
K. Long primary screw dislocations are dominant. The
dislocation structure of low-temperature-deformed speci-
mens was observed only in areas probably thicker than 0.3
pm; there is a tendency for dislocations to disappear dur-
ing thinning preparation of the foil for observation.

The density of dislocations in the cold-rolled specimens

(i)
g=002

[

)]

FIG. 14. The dislocation structure in the [201] plane of crystal 1 deformed 2.5% in tension at 200 K. Straight screw dislocations

are dominant.
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FIG. 15. The dislocation structure in the (001) plane of crystal 2 deformed 5% at 200 K. Long primary screw dislocations of the

(111) type are present.

was determined using the method suggested by Keh.*
The average value can be obtained by counting the num-
ber of intersections of dislocation lines with a cross grid.
The relation is

ny+n,

1
L,+L,

t

N=

’

where ¢ is the average thickness of the thin foil, n, and »n,
are the number of intersections, and L, and L, are the to-
tal lengths, respectively, of lines 1 and 2. N thus calculat-
ed is considered to be the minimum average density be-
cause there will be some fraction of the dislocations which
are out of contrast due to the microscope’s operating con-
dition for the photograph.

The transmission-electron-microscope pictures taken by
Kimura and Kimura3® of lightly deformed single-crystal
tensile deformations of similarly oriented iron specimens
at 200 K show only relatively simple arrangements of
dislocations similar to the present work. The principal
defects they observed during small deformations were
edge dislocation initially, and then primarily nonkinky
screw dislocations of the (111) type. According to Keh
and Weissmann* the distribution of dislocations is rela-
tively uniform when formed at —75 and —135°C; cells
are not formed below ~ 16% strain. They arrived at the
conclusion that primarily straight screw dislocations of
the (111) type were formed up to ~ 13% strain.

Ikeda*® studied the dislocation distribution in iron sin-
gle crystals at 200 K and room temperature. While the
transmission electron micrographs were different depend-
ing on the orientation of the plane where the micrographs
were taken, micrographs taken in the specimens deformed
at 200 K by the present authors are similar to Figs. 3(a)
and 3(b) of Ikeda; namely, short and straight screw dislo-

cations, with edge-type loops found at low strains
(2—6 %).

Solomon and McMahon** determined the fraction of
edge and screw dislocations which were formed in iron
single crystals at 77 K. The fraction varied from 40% to
70% screw component depending upon the stress level.

C. Discussing two lifetimes for a dislocation

In a number of earlier studies on deformed iron basical-
ly two lifetimes were found: one for annihilation in the
bulk and the other for a defect which was most likely a
dislocation. Doyama and Cotterill® reported 117 and 169
psec, Cao Chuen et al.?® gave 111 and 162 psec, Van Bra-
bander et al.'® reported 108 and 167 psec, and Nielsen et
al. > reported 165 psec for a steel with a longer one attri-
buted to voids.

When first the authors observed the lifetime of 165 psec
a significant number of times with carefully bent speci-
mens, (and before we had found the consistent set of life-
times just cited) Vehanen?? suggested that this value
might well be due to a mixture of traps, one of which was
with 157 psec, which the Finnish group had assigned to
(undifferentiated) dislocations, and with 175 psec assigned
as the lifetime of a monovacancy. As we have seen, his
proposal was correct in spirit, but missed the proper iden-
tification of the defect species participating in the trap-
ping.

Kuramoto et al.*” carried out very similar deformation
of iron single crystals and made positron annihilation
measurements. They were convinced a priori that disloca-
tions would be very unlikely to be detectable. They an-
nealed their low-temperature deformed specimens for
several hours at room temperature. They reported their
results in terms of a fixed trap with a lifetime of 175 psec

I 43
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TABLE V. Results of determining the positron lifetime with one- and two-trap models on specimens

deformed at 200 K.
One trap® Two traps®

T I, T I;
(psec) X2 /v (%) (psec) X2 /v (%)
15413 1.218 78 145+3 1.234 58
15345 1.180 76 144+4 1.172 56
15013 1.189 68 14033 1.189 40
144+14 1.169 72 14117 1.177 33
148+8 1.514 76 144110 1.536 49
14117 1.191 86 13711 1.175 71
14818 1.402 72 14019 1.417 49
15712 1.553 71 1508 1.529 43
15416 1.425 68 147+10 1.426 44
148+10 1.175 77 135£13 1.178 69

2The lifetime for annihilation in the bulk was fixed at 114 psec.

®Both 114 and 165 psec lifetimes were fixed.

associated with vacancy clusters. They did observe a
second lifetime in the vicinity of 350 psec.

Our data were reanalyzed using 175 psec as a fixed life-
time, but we were unable to obtain statistical justification
for forcing this value rather than using 165 psec. We did
a number of further analyses since we had observed a
single-trap lifetime of 155 psec with cold-rolled speci-
mens. The contrary hypothesis occurred to us, namely
that since cold rolling takes place with a more complex

ool (o]}
TA. TA.
/) & 86°
(he) (ii2)
(ion

(ion

TA.

Crystal |

Crystal 2

FIG. 16. The orientation of iron single crystals and schemat-
ic drawing of the potential slip systems in the tensile specimens
with relation to the direction of applied stress. Orientations
3—6 represent the surface normal of the bent and cold-rolled
specimens.

stress state at various parts of the (single-crystal) sheet,
that 155 psec might be due to a mixture of traps. Indeed
165 psec was found together with 143 psec. No strong
evidence was obtained for 175 psec after examining a
number of carefully deformed specimens. In each case,
the X?/v measure of statistical fit was of significantly
lower quality using the higher lifetime value.

The trapping by a mixture of edge and screw disloca-
tions can, in principle, be analyzed with a two-trap model
since the two lifetimes were found to be sufficiently well
separated for resolution. The number of dislocations with
either type of component can thus be obtained. The life-
times of 114 and 165 psec were fixed and the data were
reanalyzed. The values of the lifetime determined in the
two ways are presented together with their X2/v values in
Table V. In these runs, it was difficult to fit the second
trap. Nevertheless, the corresponding values of X%/v in
most cases were not significantly different as they would
have been if an additional trap was not warranted.

There is another observation of 142 psec for iron; it has
been reported by Vehanen et al.’’ for a C-vacancy pair.
However, this value is not the lifetime of a single type of a
trap but rather a “mean” lifetime which comes from as-
suming only one trapping state. It was resolved by those
authors into one component with a lifetime of 160 psec.

D. Related work
Bryne and his co-workers’?> deduced the dislocation

content of a heat-treated eutectoid steel from x-ray line

TABLE VI. Schmid factors of slip systems in iron tensile
specimens.

Slip Slip Schmid factor
direction plane Crystal 1 Crystal 2
(111) (101) 0.482 0.495

(211) 0.461 0.433
(112) 0.383 0.422
(111) (101) 0.464 0.485
(112) 0.380 0.429
(211) 0.417 0.406
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TABLE VII. Effect of the number of traps assumed on the /v results for iron single crystals deformed at 200 K.

One trap Two floating traps Two traps, one fixed
T X2 /v Tv T X2 /v TV Fixed X*/v
154+3 1.218 1475 1597 1.210 145+3 165 1.234
147+4 1.172 139+4 16613 1.203 13843 165 1.196
15545 1.180 145+6 16119 1.177 144+4 165 1.172
Average
15245 14416 16219 142+4 165

shapes, and measured the Doppler-broadening P/W pa-
rameter on the same samples. They concluded that the
positrons were annihilating in dislocations within the fer-
rite grains. It is interesting that they found P/W to yield
a straight line when plotted against the dislocation densi-
ties in the range of 1Xx 10" m~2 Their value of the
specific trapping rate w7 was 1.5 10'% sec™!.

Xiong-Liang-Yue® studied the isothermal recrystalliza-
tion of pure iron which had been rolled to 40% of the
original thickness. The change in the dislocation concen-
tration at 500°C was linearly correlated with the volume
fraction of newly formed and hence “dislocation-free”
grains. There was no change in the R parameter during
recrystallization suggesting that there was only one type
of positron trap—an undetermined and probably mixed
dislocation—involved.

VI. CONCLUSIONS

The consistent behavior of positron annihilation trap-
ping in a fairly large range of deformation experiments on
single crystals of high-purity iron has been presented. It
has been shown that it is possible to determine the number
of screw and edge dislocations per unit area by a combina-
tion of the two types of positron annihilation measure-
ments, namely, positron lifetime spectra and line-shape
analysis of the Doppler-broadened y-ray radiation. The
number of traps is in good agreement with the density of
dislocations revealed by etch pits. Separate specific trap-
ping rates have been determined and compared with simi-
lar results which have been published elsewhere.
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APPENDIX A

The orientations of various potential slip planes with
respect to the tensile direction are shown in Fig. 16. The
appropriate Schmid factors are listed in Table VI.

It can be seen that the slip systems in crystal 1 are more
nearly parallel to the wide surface of the tensile specimen.
This has an appreciable influence on the dislocations
which can remain in the specimen after deformation.

APPENDIX B

A few additional trials at fitting the lifetime data with
different choices of the input parameters are shown in
Table VII.

The value of X%/v are less sensitive to the choices than
had been anticipated. Thus we have adopted the position
that the inclusion of the short lifetime or 142 psec is justi-
fied since the inclusion of another trap did not worsen the
fitting and gave a more consistent interpretation.
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(d)

FIG. 11. Transmission electron micrographs of replicas of the etch pits developed on the surface of iron single crystal 1 deformed
in tension at 200 K for increasing amounts. (a) e=1.0% strain, (b) e=2.5%, (c) e=7%, and (d) €=9.3%.
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FIG. 14. The dislocation structure in the [201] plane of crystal 1 deformed 2.5% in tension at 200 K. Straight screw dislocations
are dominant.



FIG. 15. The dislocation structure in the (001) plane of crystal 2 deformed 5% at 200 K. Long primary screw dislocations of the
{111) type are present.



