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By means of X-ray line profile analysis and positron lifetime spectroscopy, densities of defor-
mation-induced defects in carbon-rich ferrite of a series of cold-drawn pearlitic steel wires with
true strains (¢) up to 5 are characterized. It is shown that both the dislocation densities and the
vacancy cluster concentrations increase continuously with increasing &. On the basis of the
measured defect densities, values of defect hardening are estimated. The result shows that
contributions of the defect hardening to the total tensile strength of the wires reach nearly 40
pct, which is mainly ascribed to the dislocation hardening. Chemical surroundings of the defects
in the carbon-rich ferrite are investigated by coincidence Doppler broadening spectroscopy. The
association of carbon with the defects in ferrite is demonstrated.
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I. INTRODUCTION

COLD-DRAWN pearlitic steel wires, with extremely
high strength and tolerant ductility, have been used
widely in engineering applications, such as tire cords,
springs, suspension bridges, ezc., and studied extensively
for many years.[' ') These wires are produced by cold-
drawn patented pearlitic steel wires, which are com-
posed of ferrite and cementite lamellae, to a defined
strain. Upon cold-drawing, the cementite lamellac are
partially decomposed,” "*! while numerous lattice
defects, such as dislocations and vacancies or vacancy
clusters, are introduced into the ferrite lamellae.!'* Since
both the dislocations and the vacancies or vacancy
clusters cause hardening,!'® these defects present in high
densities may play a crucial role in strengthening the
wires. Thus, a systematic investigation of the evolution
of defect densities in ferrite lamellae with changing true
strain (¢) will be helpful in understanding the strength-
ening mechanisms of the wires. After deformation, a
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large number of carbon atoms stemming from the
decomposed cementite are released into ferrite.l*'!
Since the equilibrium solubility of carbon in ferrite at
room temperature is merely several atomic ppm, it has
been suggested that the carbon in ferrite is probably
associated with the defects in ferrite.®!*! However, the
association of carbon with defects in these wires still
lacks direct experimental evidence. Although atom
probe tomography is capable of mapping carbon
atmospheres around dislocations,"”'®! the extremely
high dislocation density and the extremely fine width of
ferrite lamellaec prevent a precise mapping of carbon
atmospheres at dislocations in this special case.'’) An
investigation of the accommodation of carbon in ferrite
requires other methods.

A combination of X-ray line profile analysis (XLPA)
and positron annihilation spectroscopy (PAS) has been
a successful method applied by the authors to quanti-
tatively characterize defect densities in ferrite of cold-
drawn pearlitic steel wires.!'¥ However, that study was
performed only on wires with the true strains of
& = 0 and 3, and intended to show the evidence of high
density of vacancy clusters existing in ferrite of the
latter. In the current study, combined investigations of
XLPA and PAS are extended to a series of cold-drawn
pearlitic steel wires with true strains ¢ = 0 to 5, by
adding analyses for ¢ = 1, 2, 4, and 5 to those for
¢ = 0 and 3 reported previously.["* Coincidence Dopp-
ler broadening spectroscopy (CDBS) is a powerful tool
to study chemical surrounding of lattice defects.!'®
Therefore, CDBS is employed to characterize the
chemical surrounding of these defects to demonstrate
the association of carbon with the defects in ferrite.

II. EXPERIMENTAL

The steel wires used in the current study were
provided by Nippon Steel Corporation. The chemical
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composition of the material is listed in Table I. Pro-
cessing procedures of the wires are described else-
where.”] During the cold-drawing process, temperature
of the wires did not exceed 373 K (100 °C).

High energy X-ray diffraction measurements with
Co-Ku radiation were performed following the proce-
dures described in Reference 19 to measure the XRD
patterns for XLPA. The contribution of Co-Ka2 was
blocked by a proper slit. The wires were bundled to
achieve a sufficiently large area exposed to the X-ray
beam. Since the ferrite lamellae have a strong (110)
texture along the wire-drawing direction, only (110)
plane of ferrite lamellac can be observed in the trans-
verse cross sections of the wires.[”) However, the pearlitic
lamellae show a strong wavy structure in the transverse
cross sections.'” Therefore, XRD measurements per-
formed on the longitudinal cross sections of the wires
will be helpful to reduce the effect of preferred crystal-
lographic orientation. The specimens were irradiated for
24 h to achieve sufficient statistics in XRD patterns. An
imaging-plate detector was used to record Debye—
Scherrer rings. As shown in Figure 1, the intensity
along the Debye—Scherrer ring corresponding to each
Bragg reflection of ferrite is quite homogeneous, indi-
cating a substantial reduction of the effect of preferred
crystallographic orientation. XRD line profiles were
obtained by integrating the whole measured Debye—
Scherrer rings.

PAS measurements were performed following same
procedure as described in References 14, 20, 21 Carrier-
free®*'Na,CO; with an activity of 1 MBq encapsulated
between 2-um mylar foils was used as a positron source.
Since the ground-state energy of positrons in ferrite is
lower than that in cementite and the mean diffusion
length of positrons in transition metals is two orders of
magnitude larger than the observed width of cementite
lamellae in cold-drawn pearlitic steel wires, positrons
annihilate dominantly in ferrite.!'* This guarantees the
applicability of the current positron annihilation tech-
niques (PAS and CDBS) for investigating defects in
ferrite.

Table I. Chemical Composition of Pearlitic Steel Wires
(Weight Percent)

C si Mn P S
0.82 0.20 0.50 0.005 0.004
200 110
220 211

Fig. 1—A typical measured Debye—Scherrer pattern (¢ = 3).
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CDBS measurements were carried out with an appa-
ratus equirtz)?ed with two high-purity germanium (HPGe)
detectors.”?) The spectrometer allows for an overall
energy resolution of 0.9 keV (FWHM) at 511 keV
energy. The peak-to-background ratio was around 10°.
CDBS measurements were performed using the same
positron source as the one used in the PAS investiga-
tions. At least 10® counts were collected in each two-
dimensional y-ray energy spectrum. The spectrum was
then reduced to one-dimensional cuts representing the
Doppler-broadened profile (DBP) and the resolution
function of the spectrometer. The DBPs were described
in terms of the ratios of DBP cuts to that of a pure Fe
reference material.

III. RESULTS AND DISCUSSION
A. Evolution of Defect Densities and Defect Hardening

1. Evolution of dislocation density

XRD line profiles of the wires are shown in Figure 2,
where the Bragg peaks of ferrite broaden as ¢ increases.
The conventional and modified Williamson—Hall plots
for ferrite with different ¢ are presented in Figures 3(a)
and (b). The axis labels K and AK are defined as
K = 2sin0/. and AK = 2A0cos0/4 with O the Bragg
angle, A6 the FWHM (full width at half maximum),
both measured in radians from the XRD line profiles,
A the wave-length of the X-ray source, and C the
dislocation contrast factor which is defined by Ungar
and his colleagues.**** If the microstrain* stored in

*Microstrain refers to the local lattice strain around dislocation
cores.

ferrite is isotropic, AK (representing the broadening of
each Bragg peak) vs K (corresponding to each Bragg
reflection) will be linear in the conventional Williamson—
Hall plots. However, it is found that for each wire, AK vs
K is not linear, and the deviations of the data points
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Fig. 2—XRD line patterns of the wires. In order to distinguish each
pattern, the upper pattern is shifted vertically by 10 counts/s from
the pattern below.
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from a straight line become more pronounced with
increasing ¢, see Figure 3(a), which indicates that the
broadenings of Bragg peaks with respect to different
Bragg reflections are anisotropic. The anisotropic peak
broadening observed in these wires (Figure 3(a)) can be
caused by the microstrain anisotropy in plastically
deformed cubic metals.®* The microstrain anisotropy
observed in this case is suggested to be ascribed to
dislocations, where the anisotropic strain field of single
dislocations and the effective cut-off radius R play a
role.? The microstrain anisotropy (i.e., the zig-zag
variation in Figure 3(a)) can be removed by introducing
the dislocation contrast factor (C) in modified William-
son-Hall plots.?**! The principle and procedure in
constructing the modified Williamson—Hall plots are
presented in Appendix. It is shown in the modified
Williamson—Hall plots (Figure 3(b)) that, for all the
wires, AK and KC'? can converge into a straight line,
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Fig. 3—(a) The conventional Williamson-Hall plots and (b) the
modified Williamson—Hall plots for ferrite at different ¢. The stan-
dard error bar in determination of FWHM is shown in the last
reflection of ¢ = 5 in (a) and (b).
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which demonstrates the appropriateness of the currently
applied XLPA. On the other hand, since the intercepts
at the AK-axis and the slopes of the modified William-
son—Hall plots increase with increasing &, the results
indicate a refinement of the ferrite lamellae and an
increase of dislocation density (p) upon cold-drawing.
Applying the standard eCM WP fitting procedures devel-
oped on the basis of Fourier transform method,”® ?*! the
X-ray line profiles are further quantitatively analyzed.
The physical parameters used in eCMWP fitting are
available in Reference 14 Figure 4 gives an example of an
eCMWP fitting, revealing a perfect fitting by the applied
analysis. The structural parameters obtained from the
eCMWP fitting are listed in Table II. The area-weighted
mean crystallite size (x),., = mexp(2.5¢°)(m and ¢ are
the median and the variance of the crystallite size
distribution, respectively) can be determined by the
structure parameters derived from the eCMWP fitting.
As shown in Table IT, with increasing strain &, (X)area
decreases continuously, while the dislocation density p
increases. When ¢ attains 4 and 5, p reaches the order of
10'® m~2, which corresponds to its saturation value in
Fe.””! The dislocation densities obtained in the current
study are in the same order of magnitude as the values
determined by TEM in a recent report.*” ¢ parameter
represents the character of dislocations (e.g., edge
or screw type).P'? According to Reference 32,
g = 2.0 £ 0.2 indicates a mixed character of edge- and
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Fig. 4—Typical measured (open circles) and fitted (solid lines) pat-
terns (¢ = 4). Dotted line in the bottom is the difference between the
measured and fitted data.

Table II. Parameters Obtained by the eCMWP Analyses

e m@m) o (N (m) p (107 md) q

0 37 040 55 0.8 (£0.2) 2.1 (£0.2)
1 29 036 40 38 (£0.5) 2.1 (£0.2)
2 26 028 31 4.8 (£0.6) 2.0 (£0.2)
3 13 039 19 8.0 (£1.0) 2.2 (£0.2)
4 10 033 13 12.0 (£1.5) 2.5 (£0.2)
5 8 037 11 13.0 (£1.5) 2.5 (£0.2)
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0 to 3, and

screw-type  dislocations for ¢ =
= 4 and 5, screw-type

= 2.5 + 0.2 suggests that for ¢
dislocations are dominant.

2. Evolution of vacancy cluster concentration

Figures 5(a) and (b) show the results of positron
lifetime measurements of the wires. Three components
with lifetimes t;, 7,, and 73, corresponding to free
positrons, positrons trapped at dislocations, and 53051-
trons trapped at vacancy clusters, respectively,'* are
resolved in the positron lifetime spectra. The free-
positron component with the lifetime 7; and the relative
intensity /; is only detected for ¢ = 0 and 1, see
Figure 5(a), but not for the higher strains. The second
component, which stems from the positrons trapped at
dislocations, is the main contribution in the lifetime
spectra. It has an approximately constant lifetime 7, and
its intensity accounts for 80 to 90 pct of the total
intensity, see Figure 5(b). A long-living component with
the lifetime 73, stemming from the vacancy clusters, is
detected except for in the as-patented wire. It should be
noted that the vacancy clusters observed from the
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Fig. 5—(a) Measured positron lifetime (t;) and (b) measured relative

intensity (/;) corresponding to different components as a function of
. The data corresponding to ¢ = 0 and 3 are cited from Ref. [14].
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positron lifetime spectra are expected to have a shape of
more or less spherical nanovoids. If vacancies agglom-
erate in a same plane, then the collapse of these
vacancies will lead to the formation of dislocation
loops."® The positrons trapped at dislocation loops will
have a lifetime as those trapped at dislocations 1,, and
the long-living component with lifetime 75 will not be
detected. Since the lifetime of positrons trapped in
vacancy clusters increases with 1ncreas1ng size of the
vacancy clusters,*¥ the results shown in Figure S(a)
indicate that the size of the vacancy clusters remains
approximately constant for ¢ < 3 and increases when
¢ > 3. According to theoretical calculations,**% the
number of vacancies contained in the vacancy clusters
can be estimated roughly as 9 + 1 for ¢ <3, 10 £ 1 for

=4, and 15+ 1 for e = 5.

Because of the existence of the free positron compo-
nent for ¢ = 0 and 1, the concentration of the vacancy
clusters (¢vc) can be calculated with a three-component
trapping modell*>

e — 1]

where 15 — 108 ps is the positron lifetime in well-
annealed Fe;P® yyc is the specific positron trapping
rate for the vacancy cluster and can be calculated by
vwc = N - vy, where N is the number of vacancies in
each vacancy cluster; and vy is the specific p0s1tron
trapping rate of a monovacancy.®” For ¢ > 1, all posi-
trons are trapped at the lattice defects. Thus, cyc can
be calculated by!'¥

D 13

Ve = —— 2

¢ve e 12 P, [ ]
where vp is the specific positron trapping rate at
dislocations and equals to 92 0+1.0)x 10°m?s " in
ferrite of pearlitic steels.'"¥ Using vV = (1.1 £0.2) x
10" s7! reported by Vehanen et al.,*® vy¢ can be taken
as (10 + 2) x 10" s! for ¢ < 3, (11 +2) x 10" s7! for
¢ =4, and (17 + 3) x 10" s7! for ¢ = 5. Substituting
the values of p listed in Table II and the measured
positron lifetimes and intensities shown in Figures 5(a)
and (b) into Egs. [2] and [3] into Egs. [1] and [2], ¢yc can
be calculated, see Figure 6. Here too, cyc increases with
increasing &. As discussed before,!! g the value of vy
reported for monovacancies in Fe by Vehanen er al*® is
rather high and around one order of m ggnltude higher
than for many other transition metals.® Assuming
that vy holds a value of only 2 x 10" s~! which is in the
same order of the values reported in many other
transition metals,*** ¢y will be about five times higher
than the values determined with vy = (1.1 £ 0.2) x
10" 57!, as depicted in Figure 6.

3. Defect hardening

Strengthening mechanisms of the cold-drawn pearlitic
steel wires have been investigated extensively for many
years.! 378163044 However, because of complex inter-
play among the factors 1nvolved in strengthening of the
wires, the mechanism has not been fully understood yet.
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As mentioned above, both dislocations and vacancy
clusters are believed to play important roles in harden-
ing the wires. Using the defect densities determined
above, the amount of hardening due to the dislocations
and the vacancy clusters in ferrite can be estimated. This
is, however, only a certain fraction of the total strength.
For instance, the hardening effect caused by the inter-
action between dislocations and carbon is not evaluated
here, because a highly complex scenario of dislocation
lockin% and unlocking by carbon is expected in
steel 1164

Dislocation-induced flow stress (Aop) can be related
to the dislocation density by Taylor equation,!'®

Acp = MaGhp'/? 3]

where M = 1.84 is the Taylor factor,®” o = 0.24 is a
constant,*® G is the shear modulus (80 GPa), and b is
the magnitude of the Burgers vector (0.248 nm). Using
Eq. [3] and the values of p listed in Table I, Aop can be
calculated, see Table III. The results show that Aop
increases continuously from 248 MPa to 1000 MPa as ¢
rises.

Hardening effect by vacancy clusters is suggested to
be similar to dispersion hardening by Zehetbauer.[*”!
According to Reference 16, the interaction between
dislocations and dispersed particles follows two different
mechanisms, i.e., cutting through the particles in the case
of small particles and bowing out around the particles in
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2 0x10° {91 vacancie ¢/——//9"'-§ ]
00]e—"2—"" ]
0 2 4 6

154

Fig. 6—PAS determined c¢yc as a function of ¢ The data corre-
sponding to ¢ = 0 and 3 are cited from Ref. [14].

the case of large particles. For metals, typical critical
radii of the particles leading to the transition from one
interaction mechanism to the other are between 2.5
and 25 nm."®" As mentioned in Section III-A-2, the
vacancy clusters in ferrite contain around 10 vacancies.
The radius of these clusters corresponds to
rve = (361(3)N/87r)1/3 =0.3 nm with the lattice parameter
ap = 0.2866 nm, and the number of vacancies contain-
ing in each vacancy cluster N = 10.¥! This value is
smaller than the lower limit of the critical radii men-
tioned above. Therefore, the cutting-through mechanism
should work. Then, assuming a homogeneous distribu-
tion of the vacancy clusters in ferrite, the hardening
effect can be estimated by!'®

YL p(Nacve/Vm)"?
brvc brvc

AO‘VC = [4]
where y = 2.32 J/m? is the surface energy of vacancy
cluster/micro-void in Fe,® L is the mean distance
between particles, N4 is the Avogadro number, and V,,
is the molar volume of Fe. Using ¢vc shown in Figure 6,
Aovyc can be calculated and the values are listed in
Table III. The magnitude of Aoyc rises continuously
from 0 to about 200-300 MPa, the uncertainty is,
however, quite large.

The estimations shown in Table III indicate that, as ¢
increases, the increase of strength by the defect harden-
ing is enhanced continuously, because of the increase of
the defect densities in ferrite. The dislocations play a
more significant role in strengthening of the wires than
the vacancy clusters. Hence, the uncertainty in Aoy is
not important. After deformation, the defect hardening
contributes pronouncedly to the tensile strength of the
wires and reaches nearly 40 pct of the total strength in
some wires. It should be kept in mind that other
strengthening effects such as Hall-Petch strengthening
or solid-solution hardening also have important contri-
butions to strengthening the wires, but are beyond the
scope of this report.

B. Segregation of Carbon Atoms at Defects in Ferrite

The curves of coincidence Doppler-broadening
(CDB) ratio related to ferrite of the wires with different
¢ are shown in Figure 7(a). The shapes of these curves
are similar to that of the defect-free reference (pyrolytic

Table III. Measured Tensile Strength and Estimated Contributions Due to the Defect Hardening

The Fraction of the

Tensile Dislocation Vacancy Cluster Strength Induced by
Strength Hardening, Hardening, Defect Hardening in

& (MPa) Aop (MPa) Aoyc (MPa) the Total Tensile Strength

0 1300 248 0 19 pct

1 1700 540 67 to 118 36 to 39 pct

2 2000 607 123 to 215 37 to 41 pct

3 2700 784 137 to 240 34 to 38 pct

4 3550 960 164 to 288 32 to 35 pct

5 4500 1000 173 to 304 26 to 29 pct

In the last column of the table, the total tensile strength refers to the tensile strength of the wires listed in the first column.
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graphite) in  the high momentum  regime
(p > 10 x 1072 myc), which implies that a pronounced
fraction of the positrons are annihilated by the electrons
bound to carbon atoms. In the low momentum range
(p < 10 x 1072 myc), the shapes of the curves differ. In
contrast to the pyrolytic graphite, in the wires, most
positrons are trapped at the defects in ferrite. The
positrons trapped at these defects enhance the low-
momentum part and reduce the contribution of those
annihilated with the high-momentum core electrons.
The solid line in Figure 7(a) represents the curve for the
pyrolytic graphite rescaled by the factor ¢, which
represents the fraction of the positrons annihilated by
electrons bound to carbon atoms. In the pyrolytic
graphite, obviously - = 100 pct, while in the wires, &c
increases from 25 pct for ¢ = 0 to 54 pct for ¢ = 5, see
Figure 7(b).

In a defect-free alloy where solute atoms are distrib-
uted homogeneously, the number of positrons
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Fig. 7—(a) Curves of CDB ratio related to ferrite of the wires,
where ¢c and p are the fractions of the positrons annihilated by the
electrons bound to carbon atoms and electron momentum, respec-
tively. mgc is the unit of electron momentum with m, being the mass
of phonon, and ¢ the speed of light. (b) &c vs e.
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annihilated with electrons bound to solute atoms is
equal roughly to the number of the solute atoms.™”
However, the observed values of & are much higher
than the carbon concentration in the ferrite ranging
from of 0.5 to 1.7 at. pct measured by atom probe
tomography."* As mentioned above, virtually all pos-
itrons are trapped at the lattice defects in ferrite for
¢ > 1. If these defects are decorated with carbon atoms,
then the probability of the positrons to annihilate with
the electrons bound to carbon atoms will be significantly
enhanced, resulting in a large £c. Therefore, the large
values of & shown in Figure 7(b) provide the direct
evidence for the decoration of carbon atoms with the
lattice defects in ferrite. The already large value of ¢, 25
pct, observed in the as-patented wire means that the
dislocations in the as-patented wires are decorated with
carbon atoms as well. Upon wire drawing, the defect
densities and, concomitantly, &, increase continuously,
indicating that these defects are decorated with the
carbon atoms released from the decomposed cementite.

IV. CONCLUSIONS

The evolution of defect densities in carbon-rich ferrite
of cold-drawn pearlitic steel wires drawn to different
strains ¢ were studied systematically by means of XLPA
and PAS. Defect hardening values due to the disloca-
tions and the vacancy clusters in ferrite were estimated.
Chemical surroundings of the defects were investigated
by CDBS. Segregation of the carbon atoms to the
defects in ferrite was discussed accordingly. The con-
clusions drawn in the current study are summarized as
follows:

(1) Both the dislocation densities and the vacancy
cluster concentrations are found to increase contin-
uously as ¢ increases. The dislocation densities and
the vacancy cluster concentrations reach the orders
of 10" m—2 and 107 to 1077, respectively, at the
true strain ¢ > 4.

(2) Hardening by dislocations and vacancy clusters
contributes to the strengthening of the wires by a
large amount. The overall contribution of the
defect hardening to the total tensile strength is
mainly attributed to the dislocation hardening. The
effect of the vacancy clusters hardening is rather
weak.

(3) Pronounced segregation of carbon atoms to the
defects in ferrite is verified by the CDBS investiga-
tions.
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APPENDIX

According to a model proposed by Ungar er al.,*" the
dislocation contrast factor (C) for Bragg reflection ikl
can be calculated by

C = Croo(1 — qH?) [Al]
where Chq is the average dislocation contrast factor for
Bragg reflection /00, ¢ is a parameter depending on the
character of dislocations (e.g., edge or screw type), and
H? = (B2 + PP+ K2P) [ (h2 + k2 + ) with h, k, and
are the Miller indices. Cpgo has been modeled by Ungar
et al®Y and can be computed by means of a program
named ANIZC developed by Borbély e al.®® Assuming
edge dislocations and screw dislocations present in
equal prosportions in the material, using the ANIZC
program,[ T Choo s computed as 0.256 for ferrite.['*!
q parameter can be obtained by either a least-square
fitting on experimentally determined AK and K to
achieve a linear relationship between AK and KC'? or
by the standard eCMWP (extended Convolutional
Multiple Whole Profile) fitting procedurest** "
employed in the second paragraph of Section ITI-A-1.
Practically, Cypo in Eq. [Al] is a pre-factor for C and
simply assumes all types of dislocations present in equal
proportions, while ¢ is a parameter determined experi-
mentally and represents the character of dislocations. The
combination of Cpg and ¢ in Eq. [A1] gives the weights of
different types of dislocations in C. A proper value of
q parameter gives proper values of C for Bragg refection
hkl, which have to smoothen the anisotropic peak
broadening at different Bragg reflections, i.e., AK increases
linearly with KC 12, Using Cyoo = 0.256 and the values of
q parameter determined by eCMWP fitting procedure
below, C can be calculated by Eq. [Al] for ferrite of the
wires. On this basis, the modified Williamson—Hall plots
are obtained, see Figure 3(b).
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