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Effects of Microstructural Evolution and Dislocation
Properties on the Strengthening Behavior
of Cold-Drawn Ultralow-Carbon Steel

AKIRA TANIYAMA, MASAHIRO ARAI, MAKOTO KOSAKA,
and TAKANARI HAMADA

The microstructural evolution and variations in the dislocation properties and the dislocation
density of drawn ultralow-carbon (ULC) steel wires, which exhibited an ultimate tensile strength
of over 1500 MPa at e = 5.3, were investigated through scanning electron microscopy/electron
backscatter diffraction (SEM/EBSD) analysis and synchrotron radiation X-ray diffraction
(SR-XRD), respectively. The wire drawing did not cause systematic changes in the dislocation
properties of the drawn ULC steel wire. Dislocation strengthening and the grain size effect, such
as the Bailey–Hirsch relationship and the Langford–Cohen relationship, were found to be
dominant in the early and subsequent stages of drawing, respectively. Moreover, tensile strength
of the drawn ultralow-carbon steel wires at e> ~ 4 showed a positive deviation from the
extrapolated Langford–Cohen relationship in the early stages of drawing, which was found to
be caused by changes in the character of grain boundaries during drawing, that is, an increase in
the fraction of grains surrounded by boundaries with misorientation angles of 15 deg or greater
and a relative decrease in the fraction of low-angle boundaries with misorientation angles of less
than 5 deg contributed to the excessive strengthening in the drawn ULC steel wires.
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I. INTRODUCTION

WORK-HARDENING and structural refining are
important technologies for strengthening metallic mate-
rials, such as steel products. Accumulative roll bonding
(ARB),[1,2] equal-channel angular pressing (ECAP),[3–5]

mechanical milling (MM),[6–8] and high-pressure torsion
(HPT)[9–11] are established techniques for achieving
severe plastic deformation and obtaining fine crystalline
grains. Cold drawing is a particularly important tech-
nique in industrial production processes for fabricating
steel wires with high tensile strength. In their pioneering
research, Langford and Cohen investigated the

work-hardening behavior of iron wires and found that
the true tensile strength linearly increased with the
inverse of the mean distance between transverse inter-
cepts of grain boundary elongated in the direction
parallel to the wire axis,[12] which is referred to as the
Langford–Cohen relationship. Their experimental
results were quantitatively compared by
Kuhlmann–Wilsdorf using the work-hardening the-
ory.[13] Recent studies conducted using cold-drawn pure
iron wires with nano-lamellar structures concluded that
the flow stress increased in a manner similar to the
Langford–Cohen relationship.[14,15]

Even in drawn pearlitic steel wires, microstructural
evolution has been found to influence the increase in
tensile strength.[16–21] The strength of pearlitic steel wires
is known to be inversely proportional to the square root
of the lamellar spacing based on the Hall–Petch rela-
tionship.[22,23] Additionally, the partial dissolution of
cementite (Fe3C) has been suggested to occur in heavily
cold-drawn pearlitic steel and significantly contribute to
increasing the strength.[24–28] Recently, the maximum
tensile strength of over 6 GPa was obtained for pearlitic
steel with hypereutectoid composition by a severe
cold-drawing process.[29]

The strength of ultrafine-grainedmetals has been found
to exhibit a positive deviation from the extrapolated
Hall–Petch relationship in coarse grains of
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ultralow-carbon interstitial-free (IF) steel.[30,31] Similar
phenomena have also been observed in pure alu-
minum[32–34] and pure copper.[35] This behavior, which
is termed as ‘‘extraHall–Petch strengthening,’’ is believed
to be induced by the extremely high stress required by the
ultrafine-grained samples to yield, owing to the lack of
dislocation sources in the grain. Furthermore, disloca-
tions in the low-angle boundaries in sub-grained samples
act as active dislocation sources, leading to lower yield
stresses.[36] The extra Hall–Petch strengthening, which
has been primarily observed in the ultrafine grains
produced by ARB and plasma sintering, has rarely been
reported in the grains produced by cold drawing. Because
the ferrite phase (bcc-Fe) carries most of the strain in
pearlitic steel wires during the process of drawing, the
potential of excessive strengthening similar to the extra
Hall–Petch strengthening in the ferrite phase of the drawn
pearlitic steel may contribute significantly to increasing
the strength and partial dissolution of cementite.

In this study, the internal structural changes of
ultralow-carbon steel wires drawn by the cold-drawing
method, which have a considerably simpler microstruc-
ture consisting only of the ferrite phase compared to
that of pearlitic steel wires, were investigated by
conducting microstructural examination (scanning elec-
tron microscopy; SEM) and dislocation analysis (syn-
chrotron radiation X-ray diffraction; SR-XRD). Based
on microstructural characteristics such as grain size,
grain boundary properties, dislocation properties such
as the fraction of screw and edge dislocation compo-
nents and the dislocation arrangement, and dislocation
density, the hardening behavior and microstructural
evolution of the drawn ultralow-carbon steel wires were
experimentally clarified to confirm the possible occur-
rence of excessive strengthening similar to the extra
Hall–Petch strengthening, and the factors responsible
for the strengthening were investigated.

II. MATERIALS AND METHODS

A. Materials

A billet of ultralow-carbon (ULC) steel was prepared
by laboratory melting. The chemical composition of the
ULC steel is listed in Table I. An initial steel wire was
produced by drawing the ULC steel billet. To suppress
grain coarsening during recrystallization, this wire was
heated at 1210 K for 7 seconds, cooled to 916 K at
18.375 K/s, maintained at 916 K for 12 seconds, and
cooled gradually thereafter. Subsequently, the
heat-treated initial steel wire with a diameter of
3.245 mm was drawn using four steps of dry drawing
from 3.245 to 1.972 mm, followed by 26 steps of wet
drawing from 1.972 to 0.198 mm. Tensile tests were
performed at a constant speed of 5 mm/min.

B. Internal Structure Analysis by SEM

A longitudinal cross-section of the drawn steel wire
along the direction of drawing was used as a sample for
the internal structure analysis as shown in Figure 1(a).

The sample surfaces were mechanically polished using
abrasive paper, diamond-based slurry, and the chemi-
cal–mechanical polishing technique using a colloidal
silica-based slurry. Internal structure observations with
electron channeling contrast (ECC) and electron
backscatter diffraction (EBSD) experiments were per-
formed at 20 kV using a field-emission SEM apparatus
(Carl Zeiss Ultra55) and an EBSD detector camera
(EDAX DigiView) to determine the orientation and
shape of the internal structure. The EBSD data were
analyzed using the OIM Analysis software provided by
EDAX.

C. Synchrotron Radiation X-Ray Diffraction
Experiments

Thin plate samples with a longitudinal cross-section
along the wire drawing direction were used for the
SR-XRD analysis. The plate samples were prepared by
mechanical grinding and polishing. The plate thickness
was adjusted to 0.2 mm considering the penetration length
of theX-rays used in this study. The SR-XRDexperiments
were performed at the Engineering Science Research
beamline (BL19B2) at SPring-8 (Japan) using collimated
monochromatic X-rays with a slit measuring 0.3 mm
(V) 9 3 mm (H). A schematic of this experiment is shown
in Figure 1(b). ThemonochromaticX-ray wavelength was
calibrated to 0.049944 nm using the standard diffraction
profile of silicon powder. The transmitted and diffracted
X-rays were recorded using an imaging plate (IP; Fujifilm,
BAS-MS2040: 50 lm/pixel) mounted on a Debye–Scher-
rer camera with a radius of 286.5 mm. The diffraction
profiles were captured after setting the exposure time to
60 seconds. During the exposure, the sample was swiveled
from � 3 to 3 deg to investigate the contribution of the
increased number of crystalline grains to the diffraction
profile. The diffraction profiles recorded after the exposure
were scrutinized using an IP reader (Fujifilm, BAS-2500).
Moreover, the readout was initiated at least 30 minutes
after the end of the exposure to reduce the fading effect of
the IP during the readout.[37]

D. Evaluation of Dislocation Density and Its Properties

The modified Williamson–Hall plot and the modified
Warren–Averbach method were employed to quantify
the dislocation density of the ULC steel wires, as
proposed by Ungár et al.[38] The modified Wil-
liamson–Hall plot can be expressed as follows:

DK ffi 0:9=D

þ pAb2=2
� �1=2

q1=2 K2C
� �1=2þ pA0b2=2

� �
Q1=2K2C;

½1�

Table I. Chemical Composition of the Ultralow-Carbon Steel

Sample (Mass Pct)

C Si Mn P S Cr N

0.003 0.2 0.5 0.011 0.001 0.08 0.0018
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where D is the apparent size parameter, K is defined as
2 sin hð Þ=k, DK is the full width at half maximum
(FWHM) of an XRD profile, A and A¢ are parameters
determined by the effective outer cut-off radius of dis-
locations, b is the Burgers vector, q is the dislocation
density, and Q is the correlation factor related to the
two-particle correlations in the dislocation ensemble.

The average contrast factor of dislocations, C, is
expressed as a function of the polynomial of hkl as
follows:

C ¼ Ch00 1� qH2
� �

; ½2�

where Ch00 is the average dislocation contrast factor for
the h00 reflection, which is calculated as a function of
the elastic constants c11, c22 , and c44,

[39] H2 is defined as

h2k2 þ h2l2 þ k2l2
� �

= h2 þ k2 þ l2
� �2

, and q is a parame-
ter that depends on the elastic constants and on the type
of dislocations in the crystal (e.g., edge or screw type).

In this study, the third term on the right-hand side of
Eq. [1] was regarded as high-order term to obtain the
average contrast factor of dislocations practically.
Therefore, Eq. [1] was modified as follows:

DK ffi 0:9=Dþ pAb2=2
� �1=2

q1=2 K2C
� �1=2þO K2C

� �
: ½3�

In its quadratic form it is

DKð Þ2ffi ð0:9=DÞ2 þ pAb2=2
� �

qK2CþO K4C
2

� �
; ½4�

where O indicates non-interpreted higher-order
terms.[39] The following equation was derived from
Eqs. [2] and [4] to determine q:

DKð Þ2�a2

K2
ffi bCh00 1� qH2

� �
; ½5�

where a ¼ 0:9=D and b ¼ pAb2=2
� �

q. q was determined
using a linear regression model of the left-hand side of
Eq. [5] vs H2.
Because Ch00 and q depend on fraction of screw and

edge dislocation components, they can be expressed with
the fraction of screw dislocations, S (02S2 1), as
follows:

Ch00 ¼ C
screw

h00 Sþ 1� Sð ÞCedge

h00 ; ½6�

q ¼ qscrewSþ 1� Sð Þqedge: ½7�

where C
screw

h00 and qscrew correspond to pure screw

dislocations, and C
edge

h00 and qedge correspond to pure

edge dislocations. C
screw

h00 , C
edge

h00 , q
screw, and qedge values of

0.298, 0.262, 2.652, and 1.372, respectively, were used to

evaluate S and Ch00.
[40]

The modified Warren–Averbach equation for the real
components of the Fourier coefficients, A(L), can be
expressed as follows[38,41–43]:

lnA Lð Þ ffi lnAS Lð Þ � qBL2 ln
Re

L

� �
K2CþO K2C

� �2
;

½8�

where AS(L) are the Fourier coefficients of the size
profiles, q is the dislocation density, B is defined as pb2/2
(b: the Burgers vector of dislocations), L is the Fourier
variable, Re is the effective outer cut-off radius of the
dislocations, and O represents higher-order terms in

K2C.[38] Therefore, all the peaks were fitted using Voigt
functions, and the properties of these functions were
used to determine the Fourier coefficients. q and Re were
evaluated using the equation, Y(L) = qBL2 ln(Re/L),
which represented the coefficient of the first-order term

of K2C in Eq. [8] for each value of L. The effective outer

Fig. 1—Schematics of (a) a sample for internal structure analysis, and (b) the synchrotron radiation X-ray diffraction (SR-XRD) experiment.
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cut-off radius of dislocation, R�
e , reported by Wilkens[44]

was calculated as follows: R�
e ¼ Re= exp 2ð Þ.[45]

III. RESULTS

A. Mechanical Properties and Internal Structure
Evolution of Cold-Drawn ULC Steel Wires

Figure 2(a) shows the 0.2 pct proof stress (r0:2) and
the ultimate tensile strength (rUTS) of the drawn ULC
steel wires as a function of the logarithmic drawing
strain (e). Representative nominal stress–strain curves of
the drawn ULC steel wires are shown in Figure 2(b).
The elastic modulus of the initial steel wire (e = 0) and
the drawn steel wires other than the wire after the first
drawing (e = 0.26) ranged from 200 to 210 GPa. The
elastic modulus of the drawn steel wire after the first
drawing was 250 GPa, which may be attributed to
reducing preferred orientation compared to other wires,

as shown in Figure 5. The r0:2 and rUTS of the initial
steel wire were estimated to be 267 and 353 MPa,
respectively. The post-drawing r0:2 was almost identical
to rUTS; moreover, r0:2 and rUTS increased to 520 MPa
after the first drawing, which was 1.5 to 2 times the
initial value. The increase in r0:2 and rUTS gradually
diminished after the second drawing (e = 0.52) with
increasing logarithmic drawing strain, and saturated at
approximately 750 MPa from the sixth drawing
(e = 1.44) to the ninth drawing (e = 2.01). r0:2 and
rUTS increased again after the tenth drawing (e = 2.13)
in an almost proportional manner to the logarithmic
drawing strain. The maximum value of rUTS (1543 MPa
at e = 5.59) was more than four times greater than the
rUTS of the initial steel wire.
Figure 3 shows the ECC images of the drawn ULC

steel wires. Since ECC imaging provides crystallo-
graphic microstructures of a sample, the technique is
useful for characterizing crystalline grain shape and
deformation substructure in the drawn steel wire by
SEM. Figure 4 shows the EBSD maps of the drawn
ULC steel wires. The inverse pole figure (IPF) color and
image quality (IQ) maps were overlaid on the EBSD
maps. The IPF color map provides information regard-
ing crystalline orientation along the direction normal to
the observation surface as a color map, and the IQ map
indicates the quality of the EBSD patterns, reflecting the
deformation of crystalline grains; moreover, the grain
boundaries are represented by lines with darker contrast
in the IQ maps. The initial steel wire (e = 0) had
isotropic crystalline grains (Figures 3(a) and 4(a)), which
deformed and elongated along the wire drawing direc-
tion with increasing logarithmic drawing strain, as
shown in Figures 3(b) through (f) and 4(b) through
(h), and tended to show lamellar grains. Moreover, the
sub-grain boundaries were generated in the deformed
crystalline grains. Figure 5 shows orientation distribu-
tion function (ODF) maps along the wire drawing
direction of the drawn ULC steel wire obtained using
the EBSD results. The crystalline grains in the initial
steel wire already had a strong preferred orientation of
h110i along the wire drawing direction. The first
drawing reduced the preferred orientation, but as the
number of drawings and the logarithmic drawing strain
increased, the crystalline grains in the drawn steel wires
elongated along the wire drawing direction, and the
preferred orientation of h110i became stronger again.
The variations in the nature of the grain boundaries,

including the sub-grain boundaries, with drawing were
investigated by classifying them into three types: high-angle
boundaries (HABs) withmisorientation angles of 15 deg or
more, low-angle boundaries with misorientation angles of
5 deg ormore but less than 15 deg (LABs-1), and low-angle
boundaries withmisorientation angles of 2 deg ormore but
less than 5 deg (LABs-2). Since the angular accuracy of the
dataobtained fromEBSDmeasurements ranges from0.5 to
1 deg, low-angle grain boundaries with misorientation
angles less than 2 are were excluded from LABs-2.
Figure 6 shows the grain boundary maps obtained using
the EBSDmeasurement data corresponding to logarithmic
drawing strains greater than 2.51. The HABs, LABs-1, and
LABs-2 are indicated on the maps by the blue, green, and

Fig. 2—Mechanical properties of drawn ULC steel wires. (a) 0.2 pct
proof stress (r0:2, s) and ultimate tensile strength (rUTS, j) as
functions of logarithmic drawing strain. (b) Representative nominal
stress–strain curves of the drawn ULC steel wires (Color
figure online).
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Fig. 3—Electron channeling contrast images showing internal structure of drawn ULC steel wires at logarithmic drawing strains of (a) 0, (b)
0.26, (c) 1.00, (d) 2.01, (e) 4.07, and (f) 5.59.

Fig. 4—EBSD maps of drawn ULC steel wires at logarithmic drawing strains of (a) 0, (b) 0.26, (c) 0.52, (d) 1.44, (e) 2.51, (f) 3.02, (g) 3.54, and
(h) 5.59. Inverse pole figure (IPF) color and image quality (IQ) maps have been overlaid. RD and ND represent the wire drawing direction and
the direction normal to the observation surface, respectively. The IPF maps provide information regarding crystalline orientation along ND. The
step size and scan area for EBSD mapping are set to 0.5 lm and 300 lm 9 300 lm for (a) through (d), 0.1 lm and 40 lm 9 40 lm for (e) and
(f), and for 0.04 lm and 15 lm 9 15 lm for (g) and (h), respectively (Color figure online).
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Fig. 5—Orientation distribution function (ODF) maps acquired along RD at logarithmic drawing strains of (a) 0, (b) 0.26, (c) 0.52, (d) 1.44, (e)
2.51, (f) 3.02, (g) 3.54, and (h) 5.59 (Color figure online).

Fig. 6—HABs, LABs-1, and LABs-2 (blue, green, and red solid lines, respectively) in the drawn ULC steel wires corresponding to logarithmic
drawing strains of (a) 2.51, (b) 3.02, (c) 3.54, (d) 4.07, (e) 4.61, (f) 5.13, (g) 5.32, and (h) 5.59 (Color figure online).
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red solid lines, respectively. The grain boundaries consisted
mainly of HABs and LABs-1, while LABs-2 existed within
the grains as sub-grain boundaries. The total lengths of the
grain boundary per unit area (LBD) are shown in Figure 7.
The LBD of HABs (0.1 lm/lm2 in the initial steel wire)
monotonically increased after the first drawing (e = 0.26),
reached 1 9 10–1 lm/lm2 at e = 2.01. After e = 2.01, the
LBD of HABs increased at a larger incremental rate, and
reached 10 lm/lm2 at e = 5.56. The LBD of LABs-1
(1 9 10–2 lm/lm2 in the initial steel wire) quickly increased
after the first drawing, reached 5 9 10–1 lm/lm2 at
e = 1.00, thereafter gradually increased with increasing
logarithmic drawing strain, reached 4 lm/lm2 at e = 1.00,
and then decreased to 3 lm/lm2. The LBD of LABs-2
(4 9 10–3 lm/lm2 in the initial steel wire) quickly increased
after the first drawing, reached 1 lm/lm2 at e = 1.00, and
saturated thereafter around 1 lm/lm2 with increasing
logarithmic drawing strain.

Figure 8 shows the averaged crystalline grain width
(dgrain) of the drawn wires as a function of their diameters
(dwire). Because the crystalline grains of the drawn wires
were found to be elongated along the wire drawing
direction (Figures 3, 4, and 6), the averaged spacing of
HABs was measured along the direction perpendicular to
the wire drawing direction, and the space was regarded as
dgrain. The dgrain parameter gradually and drastically
decreased with decreasing wire diameters from 2.503
(e = 0.52) to 1.557 mm (e = 1.44), and from 1.577
(e = 1.44) to 0.554 mm (e = 3.54), respectively. The
decrease in dgrain with decreasing wire diameters from
0.554 (e = 3.54) to 0.198 mm (e = 5.59) was propor-
tional to the square root of the wire diameter.

B. Dislocation Density and Parameters for Evaluating
the Dislocation Properties of Drawn ULC Steel Wires

The dislocation density and the parameters for
estimating the dislocation properties were obtained by
analyzing the XRD profiles by constructing the modified
Williamson–Hall plot and using the modified War-
ren–Averbach method. Figure 9 illustrates the

variations in the FWHM (DK) of all the XRD peaks
as a function of the logarithmic drawing strain. DK
monotonically increased with increasing logarithmic
drawing strain up to the fourth drawing (e = 1.00),
saturated between e = 1.24 and e = 2.01, and increased
with increasing logarithmic drawing strain after
e = 2.13.
Figure 10 shows the variation in crystallite size as a

function of the logarithmic drawing strain. The solid
and open squares represent the crystallite sizes estimated
using the modified Williamson–Hall plot and modified
Warren–Averbach method, respectively. The modified
Williamson–Hall plot yielded a crystallite size of
approximately 70 nm for the initial wire, which gradu-
ally increased to 90 nm from the first drawing
(e = 0.26) up to e = 2.0, and remained in the 50 to
90 nm range after e = 2.0. However, the modified
Warren–Averbach method yielded a crystallite size of

Fig. 8—Averaged crystalline grain width (dgrain) as a function of
wire diameter (dwire).

Fig. 7—Variations in total length per unit area of the HABs (blue),
LABs-1 (green), and LABs-2 (red) of the drawn ULC steel wires as
a function of logarithmic drawing strain (Color figure online).

Fig. 9—Variations in the widths (FWHM; DK) of the diffraction
peaks as a function of logarithmic drawing strain (Color
figure online).
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approximately 50 nm for the initial wire, which gradu-
ally decreased to 30 nm with increasing logarithmic
drawing strain. It may effect on the dislocation density
in the crystal, the change in crystallite size due to the
drawing process is, however, so small that its effect on
the change in dislocation density is also expected to be
small. Therefore, its contribution to the strength of the
wires is considered to be small. Figure 10 also shows the
effective outer cut-off radius (R�

e) of dislocations esti-
mated using the modified Warren–Averbach method as
a function of the logarithmic drawing strain. R�

e was
estimated to be in the 5 to 10 nm range, and gradually
decreased with increasing logarithmic drawing strain.

Figure 11 shows the dislocation density (q) estimated
using the modified Warren–Averbach method as a
function of the logarithmic drawing strain. The disloca-
tion density increased with increasing logarithmic

drawing strain up to the second drawing (e = 0.52),
where the density was 5 times greater than that of the
initial wire. Moreover, q appeared to saturate from the
third drawing (e = 0.74) to the ninth drawing
(e = 2.01), and increased with increasing logarithmic
drawing strain thereafter. The dislocation arrangement
parameter (M�), which indicates the interactive effect
between dislocations, is expressed as M� ¼ R�

e

ffiffiffi
q

p
; the

dislocations are randomly distributed for M� value
greater than 1, and have cellular structures or dipole
characteristic for M� value < 1[44,46]. Figure 12 shows
that M� is smaller than 0.2 in the initial steel wire,
revealing the cellular structures or dipole characteristic
of the dislocations, and that the dislocations still have
the cellular structures or dipole characteristic after
drawing. Figure 12 also shows the variation in q
obtained using the drawn ULC steel wires as a function
of the logarithmic drawing strain. The q parameter
varied in the 1.80 to 2.35 range, and no systematic
changes in q were observed with the logarithmic drawing
strain of the drawn wires. These results indicate that the
wire drawing did not cause obvious and systematic
changes in the dislocation properties of the drawn ULC
steel wire. Additionally, the trend of variation of the M�

and q parameters is similar as a function of logarithmic
drawing strain, except at strain near ~ 2.0 although
these two parameters vary in a narrow range. The M�

parameter depends on the effective outer cut-off radius
of dislocation (R�

e ), which indicates strain field distribu-
tion around dislocations. The q parameter indicates the
fraction of screw and edge dislocation components.

Fig. 12—Variations in dislocation arrangement parameter (M�), and
the q parameter of the drawn ULC steel wires as functions of the
logarithmic drawing strain.

Fig. 10—Variation in crystallite size estimated using the modified
Williamson–Hall plot (j) and the modified Warren–Averbach
method (h), and effective outer cut-off radius (s) of dislocations for
the drawn ULC steel wires as a function of the logarithmic drawing
strain.

Fig. 11—Variations in dislocation density (q) of the drawn ULC
steel wires as a function of the logarithmic drawing strain.
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Therefore, the trend of variation of these two param-
eters may suggest that the strain field distribution
around the dislocations of the drawn ULC steel wire
depends on the fraction of screw and edge components.

IV. DISCUSSION

The effects of dislocation density and grain size on the
strengthening behavior of the drawn ULC steel wires
were examined to comprehensively elucidate the
strengthening behavior. In this regard, the contributions
of the effects of dislocations (rdis) and grain size (rg�s) to
the strengthening behavior were assumed to be additive,
and the effect of precipitation was assumed to be
negligible because of the small number of precipitates,
such as carbides and nitrides, in the ULC steel wires. rdis
was considered to increase according to the Bai-
ley–Hirsch relationship,[47] and rg�s was presumed to

increase according to the Langford–Cohen or
Hall–Petch relationship. Therefore, the flow stress (r) of
the drawn ULC steel wires could be expressed as follows:

r ¼ rdis þ rg�s ¼ r0 þ aGb
ffiffiffi
q

p þ kL�C=dgrain
for the Langford�Cohen relationshipð Þ; ½9�

or

r ¼ rdis þ rg�s ¼ r0 þ aGb
ffiffiffi
q

p þ kH�P=
ffiffiffiffiffiffiffiffiffiffiffi
dgrain

p

for the Hall�Petch relationshipð Þ; ½10�

where r0 is the yield strength, a is a constant, G is the
shear modulus (= 80 GPa for iron), b is the Burgers
vector (0.248 nm), q is the dislocation density, and kL�C

and kH�P are coefficients for the Langford–Cohen and
Hall–Petch relationships, respectively. 0.2 pct proof
stress, r0:2, was used as the flow stress in Eqs. [9] and [10]
in this analysis.
Figure 13 shows the r0:2 of the drawn ULC steel wires

as a function of the square root of the dislocation
density. Figures 14(a) and (b) show the variations in r0:2
as functions of the inverse of dgrain and the inverse of the
square root of dgrain, respectively. The r0:2 increased in
proportion to the square root of the dislocation density
from e = 0 to e = 1, as shown in Figure 13; however,
the change in dgrain was small in this logarithmic
drawing strain range, and the evaluation of the depen-
dence of r0:2 on dgrain was difficult (Figure 14). This
suggests that the effects of dislocation were more
dominant than those of grain size in the e range of 0
to 1. Therefore, the terms representing the grain size
effects in Eqs. [9] and [10] were neglected, and the
resulting fits of the r0:2 data from e = 0 to e = 1
yielded r0 = 70 MPa and aGb = 1.15 9 10�5 MPa m.
These values are consistent with those of previously
reported pure iron and IF ferrite steel.[48,49] The increase
in r0:2 deviated from the Bailey–Hirsch relationship
after e = 1, as shown in Figure 13, and followed theFig. 13—Variation in tensile strength (r0:2) as a function of the

square root of dislocation density.

Fig. 14—Variations in r0:2 (j) and rg�s (s) as a function of (a) the inverse of average grain width and (b) the inverse of the square root of
average grain width.
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Langford–Cohen relationship or the Hall–Petch rela-
tionship, as shown in Figure 14. This suggests that the
effects of grain size became more dominant than those
of dislocations after e = 1. In addition, the r0:2 values
corresponding to e> 3.5 deviated from the extrapola-
tion calculated following the Langford–Cohen relation-
ship or the Hall–Petch relationship using the data in the
e range of 1.44 to 3.02.

Figures 14(a) and (b) also show the variations in rg�s

as functions of the inverse of dgrain and the inverse of the
square root of dgrain, respectively. The rg�s values were
obtained with subtracting rdis from r0:2. The rdis values
were calculated based on the Bailey–Hirsch relationship
using the parameters of r0 = 70 MPa and
aGb = 1.15 9 10�5 MPa m. As shown in Figure 14,
the rg�s increased according to the Langford–Cohen
relationship rather than the Hall–Petch relationship.
The Langford–Cohen coefficient (kL�C) in the e range of
1.00–4.07 was estimated to be 6.8 9 10�5 MPa m. The
rg�s values corresponding to e> 4.07 showed a positive
deviation from the extrapolation calculated following
the Langford–Cohen relationship using kL�C in the e
range of 1.00 to 4.07. Therefore, excessive strengthening
similar to the extra Hall–Petch strengthening[36] was
confirmed to occur in the drawn ULC steel wires.

In the past, two separate Hall–Petch relationships
have been used to determine the contribution of LABs
and HABs to flow stress.[36,50,51] However, as shown in
Figure 7, the total length per unit area of LABs (LABs-1
and LABs-2) is almost saturated in the region of
logarithmic drawing strain, where strengthening occurs
following the Langford–Cohen relationship or the
Hall–Petch relationship, making it unlikely that LABs
exhibit the Langford–Cohen relationship or the
Hall–Petch relationship. In this section, the correlation
between changes in HABs, LABs-1, and LABs-2 and
changes in rg�s was considered to investigate the cause
of the excessive strengthening of rg�s shown in
Figure 14. The grains in the drawn steel wires elongated
along the wire drawing direction with increasing loga-
rithmic drawing strain (Figures 3 and 4) and exhibited a
lamellar shape at e = 2.51. The grain boundaries
consisted mainly of HABs and LABs-1, as shown in
Figure 6, while LABs-2 existed within the grains as
sub-grain boundaries; the total length per unit area of
HABs increased monotonically with increasing logarith-
mic drawing strain, increased to 4 times that of the
initial steel wire at e = 1. The total length per unit area
of LABs-1 also increased monotonically with increasing
logarithmic drawing strain at a greater rate of increase
than that of HABs, increased 40 times that of the initial
steel wire at e = 1. The total length per unit area of
LABs-2 increased drastically after the first drawing
(e = 0.26) to 300 times that of the initial steel wire,
exceeded the total length per unit area of HABs and
LABs-1. Up to e = 1 after the first drawing, the total
length per unit area of LABs-2 exceeds that of HABs
and LABs-1. Since LABs-2 is most likely a dislocation
source, it is possible that LABs-2 contributes to dislo-
cation hardening at e = 0 to 1.

For e> 1, the length per unit area of LABs-2 hardly
increases, while the length per unit area of HABs and
LABs-1 monotonically increases up to e = 2.51, with
the total length of LABs-1 exceeding that of HABs. As
mentioned earlier, the grain boundaries in the drawn
ULC steel wire consist of HABs and LABs-1, which are
considered to act as sinks for dislocations.[52] Their total
length per unit area increases, while the total length per
unit area of LABs-2, which can easily act as a
dislocation source, hardly increases. This behavior of
grain boundaries (HABs and LABs-1) and sub-grain
boundaries (LABs-2) is thought to have a significant
effect on grain boundary strengthening. Furthermore,
for e> 3, HABs greatly exceeded LABs-1, and this
increase in the total length per unit area of HABs may
be possible for the increase in the Langford–Cohen
coefficient of drawn ULC steel wire at e> 3.
An investigation of the strengthening mechanism of

ultrafine-grained and sub-fine-grained high-purity alu-
minum[36] revealed that low-angle grain boundaries with
misorientation angles greater than 2 deg acted as
conventional grain boundaries for dislocation glide
and contributed to the strength. The results discussed
herein related to the contributions of HABs and LABs-1
to the strength, and the effects of the HABs and LABs-1
fractions on the Langford–Cohen coefficients are
remarkably similar to previously obtained results.[36]

When a relatively large number of LABs-2 are present in
the grain compared to HABs and LABs-1, an increase in
tensile strength due to dislocation effects would be
expected. HABs and LABs-1 acting as grain boundaries
may contribute to the change in tensile strength due to
the grain size effect, and the increase in tensile strength is
accelerated when there are more HABs than
LABs-1.Therefore, the variation in the character of the
grain boundaries due to wire drawing must be consid-
ered along with the changes in dislocation density and
grain size to elucidate the strengthening behavior of the
drawn ULC steel wires.

V. CONCLUSIONS

The microstructural evolution and variation in dislo-
cation properties and dislocation density of ULC steel
wires during drawing were investigated by SEM/EBSD
and SR-XRD. The ultimate tensile strength of the
drawn ULC steel wires reached a maximum value of
1543 MPa at e = 5.6. The crystalline grains of the
drawn ULC steel wires were elongated and tended to
show lamellar grains which have the preferred orienta-
tion of h110i along the wire drawing direction. In the
early stage of drawing (e = 0 to 1), the 0.2 pct proof
stress of the drawn ULC steel wire (r0:2) increased in
accordance with the Bailey–Hirsch relationship, and the
contribution of the effects of dislocations (rdis) was
dominant. However, r0:2 increased at e> 1 according to
the Langford–Cohen or Hall–Petch relationship, and
the contribution of the effects of grain size (rg�s)
superseded that of the effects of dislocations. rg�s

increased according to the Langford–Cohen relationship
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rather than the Hall–Petch relationship. Furthermore,
the rg�s values at e> ~ 4 showed a positive deviation
from the extrapolated Langford–Cohen relationship in
the early stages of drawing, indicating the occurrence of
excessive strengthening in the drawn ULC steel wires.
The dislocation properties such as the fraction of screw
and edge dislocation components and the dislocation
arrangement of the drawn ULC steel wires did not show
any systematic change with the degree of drawing,
suggesting that the excessive strengthening was pre-
sumed to be induced by changes in the character of the
grain boundaries rather than changes in dislocation
properties during the process of drawing. Essentially, a
relative decrease in the fraction of low-angle boundaries
with misorientation angles in the 2 to 5 deg range
(LABs-2) with the increase in high-angle boundaries
with misorientation angles of 15 deg or greater (HABs)
contributed to an increase in the Langford–Cohen
coefficient. The HABs are considered to act as disloca-
tion sinks, whereas the LABs-2 in the grain lamellae are
considered to act as a dislocation source. Therefore, the
effects of grain boundaries on strengthening were
significantly larger at higher logarithmic drawing strains
because of the considerably smaller number of mobile
dislocations in the grains. In general, the texture is
considered to influence the flow stress. However, the
crystalline grains in the initial ULC steel wire already
had a strong preferred orientation of h110i along the
wire drawing direction. The first drawing reduced the
preferred orientation, but as the number of drawings
and the logarithmic drawing strain increased, the
preferred orientation of h110i became stronger again.
Therefore, the effect of texture on the flow stress was not
considered to be noticeable in this study.
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