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On the formation of vacancies in a-ferrite of a heavily cold-drawn
pearlitic steel wire
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Cold-drawn pearlitic steel wires are widely used in numerous engineering fields. Combining X-ray line profile analysis and pos-
itron annihilation spectroscopy methods, up to 10�5–10�4 vacancies were found in a-ferrite of a cold-drawn pearlitic steel wire with
a true strain of e = 3. The formation of deformation-induced vacancies in a-ferrite of cold-drawn pearlitic steel wire was quantita-
tively testified.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Cold-drawn pearlitic steel wires have a great po-
tential of applications in industrial fields. Pearlitic steel
consists of a-ferrite and cementite [1]. After cold draw-
ing, cementite partially dissolves, while a-ferrite is se-
verely deformed [1–3] and a high density of defects,
e.g. dislocations and vacancies, is produced. The role
of dislocations, has attracted much attention [2,4–7].
Less attention has been paid to the role of vacancies, be-
sides being discussed in a recent study on recovery and
thermal stability of heavily cold-drawn pearlitic steel
wires [8]. Vacancy agglomeration is expected to be a po-
tential source of fracture initiation [9], which could be an
important factor influencing the performance of these
widely used materials. However, the corresponding re-
search in cold-drawn pearlitic steel wire is still scarce,
due to a lack of direct evidence for the existence of
deformation-induced vacancies.

Positron annihilation spectroscopy (PAS) has proved
to be the most powerful method for the detection of
point defects [10]. Saturated positron trapping often oc-
curs in severely deformed metals containing a very high
density of defects, and prevents direct determination of
defect densities by application of the simple trapping
model [11]. In this case, one can only determine the ratio
of positron trapping rates of vacancies and dislocations.
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In order to estimate the concentration of vacancies, the
dislocation density should be quantitatively determined
by some independent technique. By evaluating the Bragg
peak broadening of X-ray diffraction (XRD) patterns, X-
ray line profile analysis (XLPA) can be used to evaluate
dislocation densities [12–14]. The combination of XLPA
and some other vacancy sensitive methods has been ap-
plied to study the deformation-induced point defects in
plastically deformed copper (cf. Ref. [15]). In this letter,
the vacancy concentration in a cold-drawn pearlitic steel
wire with a true strain of e = 2ln(di/df) = 3 with di

(=1.669 mm) the diameter of the initial wire and df

(=0.3695 mm) the diameter of the as-drawn wire was
estimated by combining PAS and XLPA. We provide
direct evidence for the deformation-induced vacancies
in cold-drawn pearlitic steel wire.

The wire specimens used in the present study were pro-
vided by Nippon Steel Corporation. The initial wire with
a composition of Fe–0.82C–0.20Si–0.50Mn–0.005P–
0.004S (wt.%) was first austenitized at 1223 K and then
patented in a lead bath at 833 K for 20 s. This as-patented
wire was then drawn to a true strain of 3 by a wet drawing
method. The detailed procedure is described elsewhere
[16]. During the cold drawing, the temperature of wires
did not exceed 373 K. Annealing treatment was per-
formed in a high vacuum furnace and subsequently
cooled down to room temperature in the furnace. XRD
measurements were carried out with Co Ka radiation
sevier Ltd. All rights reserved.
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Figure 2. Typical measured diffraction patterns with a linear intensity
scale of the as-patented wire (solid line) and the as-drawn wire (dashed
line). The inset is the enlarged part of the patterns around the (1 1 0)
reflection of the a-ferrite phase with a logarithmic intensity scale
revealing the peaks corresponding to cementite (indicated by arrows).

Figure 3. Typical measured (open circles) and fitted (thin red lines)
XRD patterns of the as-drawn wire. The solid blue lines at the bottom
of the figures are the difference between the measured and fitted data.
The inset is the enlarged part with respect to the first two peaks,
showing the fitting result.
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following the procedures described in Ref. [17]. Positron
lifetime measurements were performed using a digital
PAS spectrometer with a time resolution of 145 ps (full
width at half maximum, 22Na) [18]. Positron lifetime spec-
tra, which contain at least 107 positron annihilation
events, were decomposed into exponential components
using a maximum likelihood based fitting procedure
[19]. PAS specimens were prepared by packing the wires
into high-purity paraffin. The dimensions of each PAS
specimen were (10 � 10 � 1) mm3. After packing, the
sample surface was cleaned with heptane to partially re-
move the paraffin covering the top of the steel wires.
Hence, bare steel wires are exposed to the irradiation
source. The positron source encapsulated by mylar thin
foils (2 lm)was sandwiched between two identical
samples, see Figure 1. Using a bare paraffin reference
specimen, it was determined that no contribution corre-
sponding to positrons annihilated in paraffin was detected
in the PAS spectra. This verified that packed steel wire
samples are appropriate for PAS measurements.

X-ray line profiles obtained by integrating the whole
Debye–Scherrer rings are shown in Figure 2. The peaks
corresponding to cementite are rather weak. In the as-pat-
ented wire, those peaks are only visible around the (1 1 0)
peak of a-ferrite, while in the as-drawn wire, due to the
partial dissolution and/or pronounced peak broadening
of cementite, the cementite peaks are not detectable.
The a-ferrite Bragg peaks show significant broadening
after cold drawing. The broadening of Bragg peaks can
be caused by size broadening and strain broadening
[20–23]. Applying XLPA to the measured XRD patterns,
the contributions of size broadening and strain broaden-
ing to the Bragg peaks of a-ferrite were studied. The
analyses were performed following the extended convolu-
tional multiple whole-profile (eCMWP) procedures [22–
24]. The physical parameters used in eCMWP fitting are
Burgers vector b = 0.248 nm [10], average dislocation
contrast factor Ch00 = 0.256 [12,25] and lattice parameter
a = 0.2866 nm. Figure 3 presents an example of the
eCMWP fitting. The dislocation densities qD(as-pat-
ented) = (8 ± 2) � 1014 m�2 and qD(as-drawn) = (8 ±
1) � 1015 m�2 were determined.

Positron trapping in the pearlitic steel wire may occur
inside cementite or a-ferrite. However, since positron
affinity in cementite is much higher than in a-ferrite
[26], the positron ground state energy in a-ferrite is
lower than in cementite. As the observed width of cement-
ite lamellae, 3–7 nm [1], is more than one order of magni-
tude smaller than the mean positron diffusion length in
transition metals, 100–150 nm [26–28], positrons stopped
inside cementite lamellae diffuse into a-ferrite regions.
Figure 1. Schematic illustration of the sample arrangement during the
PAS measurement.
Hence, positron trapping in a-ferrite dominates and the
components resolved in PAS spectra correspond mainly
to positrons annihilated in the a-ferrite phase.

Lifetimes (si) and relative intensities (Ii) of the com-
ponents resolved in PAS spectra are listed in Table 1.
The short-lived component with lifetime s1 detected in
the as-patented wire represents a contribution of free
positrons annihilating in a delocalized state, i.e. not
trapped at defects. The longer lifetime component with
lifetime s2 is the dominating contribution in both the
as-patented and the as-drawn wire. The lifetime s2 �
157 ps of this component is on the one hand very similar
to the reported lifetimes of positrons trapped at disloca-
tions in deformed iron, e.g. 165 ps [29] and (150 ± 4) ps
[30], but on the other hand it is also quite close to the
lifetime of positrons trapped at vacancy–carbon
complexes observed in electron-irradiated iron contain-
ing carbon, i.e. 160 ps [29]. To clarify the nature of de-
fects contributing to this component, the wires were
annealed at 573 K, which is the dissociation temperature
of vacancy–carbon complexes in carbon-doped iron
[29,31,32]. Further PAS examinations of the annealed
wires indicated that the annealing treatment did not lead
to a significant change in I2 (see Table 1), suggesting that
the component with the lifetime s2 corresponds to posi-
trons trapped at dislocations. The as-drawn wire exhib-
its saturated positron trapping. Besides s2, a long-lived
component with lifetime s3 = 280 ps was detected in
the as-drawn wire, which corresponds to the contribu-
tion of positrons trapped at vacancy clusters. Compari-
son with theoretical calculations [33,34] revealed that
lifetime s3 corresponds to vacancy clusters consisting



Table 1. Measured si and Ii of the components resolved in the wires.

Samples s1 (ps) I1 (%) s2 (ps) I2 (%) s3 (ps) I3 (%)

As-patented wire 69 ± 6 21 ± 2 157 ± 2 79 ± 1 – –
As-patented wire annealed at 573 K 58 ± 6 16 ± 1 159 ± 3 84 ± 1 – –
As-drawn wire – – 156.5 ± 0.9 92 ± 1 280 ± 10 8 ± 1
As-drawn wire annealed at 573 K 55 ± 9 10.7 ± 0.7 150 ± 0.7 89.3 ± 0.6 – –
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of about nine vacancies. The disappearance of the long-
lived component after the annealing treatment at 573 K
(Table 1) implies that these vacancy clusters dissociated
and the generated vacancies disappeared in sinks. Be-
low, the concentration of the vacancies in the clusters
in the as-drawn wire will be estimated.

There is a competition between the positrons trapped
at dislocations and vacancy clusters. Because of the sat-
urated positron trapping, the ratio of positron trapping
rates in these two types of defects is equal to the ratio of
intensities of the corresponding components in the pos-
itron lifetime spectrum [11],

KVC

KD

¼ I3

I2

ð1Þ

where KVC and KD are the positron trapping rates for
vacancy clusters and dislocations, respectively. Positron
trapping rates are directly related to defect densities:

KVC ¼ vVCCVC ð2Þ

KD ¼ vDqD ð3Þ
where CVC is the concentration of vacancy clusters and
qD is the mean dislocation density. The symbols vVC and
vD stand for the specific trapping rates (positron trap-
ping coefficient) for the vacancy clusters and disloca-
tions, respectively. Eqs. (1)–(3) yield

CVC ¼
vD

vVC

I3

I2

qD ð4Þ

Hence, the concentration of vacancy clusters can be
calculated from Eq. (4) if vVC and vD are known. First
we estimate the specific trapping rate vD. Since saturated
positron trapping does not occur in the as-patented
wire, vD in the as-patented wire can be calculated from
PAS data using the two-state simple trapping model
[11].

vD ¼
1

qD

� smean � sB

s2 � smean

� 1

sB

ð5Þ

where sB = 110 ps [29] is the free positron lifetime in a
well-annealed iron and smean ¼ s1I1 þ s2I2 is the mean
positron lifetime in the as-patented wire. Using disloca-
tion density qD = (8 ± 2) � 1014 m�2, determined in the
as-patented wire by XLPA, one obtains from Eq. (5) the
specific positron trapping rate for dislocations vD =
(2.0 ± 1.0) � 10�5 m2 s�1. This value is comparable to
that determined in low alloy Cr–Mo–V ferritic steels,
vD = 3.6 � 10�5m2 s�1 [35], but is lower than that in
high-purity iron (5.1 � 10�5–7 � 10�5 m2 s�1) [36]. This
may be caused by the formation of Cottrell atmospheres
[37], which reduces the probability of positron trapping
at dislocations and is reflected in the lowered vD.

The specific positron trapping rate for a small vacancy
cluster consisting of N vacancies (N 6 10) increases line-
arly with the number of vacancies [38], i.e. vCV = N vV,
where vV is the specific trapping rate for monovacancy.
Vehanen et al. [29] compared their PAS data on elec-
tron-irradiated iron with electrical resistivity experiments
[39] and derived the specific trapping rate for Fe vacancy
of (1.1 ± 0.2) � 1015 s�1. This value is relatively high and
protrudes from the specific trapping rates (vC) reported
for many other metals, e.g. 1 � 1014 s�1 for Cu [40],
2 � 1014 s�1 for Ag [41], 2 � 1014 s�1 for Au [42,43] and
(2–3) � 1014 s�1 for Al [42,44,45]. In most metals vC is
of the order of 1014 s�1. The value for iron derived by
Vehanen et al. [29], which is almost 10 times higher than
that of most metals, is to the authors’ knowledge the high-
est value reported for vacancy in metals and may be over-
estimated. Hence, in this paper we conservatively assume
that vV for Fe vacancy falls somewhere in the interval of
1015–1014 s�1.

Using Eq. (4), one obtains the concentration of va-
cancy clusters in the as-drawn wire, which falls in the
range of 10�6–10�5. Since each cluster consists of approx-
imately N � 9 vacancies, the concentration of vacancies
which formed vacancy clusters in the as-drawn wire is
CV = N CVC and falls in the interval of 10�5–10�4. This
value is many orders of magnitude higher than the equi-
librium concentration of thermal vacancy, which is less
than 10�20 for Fe–C at room temperature [46]. We
emphasize that the vacancy concentration estimated in
this study represents only those vacancies created during
plastic deformation, which subsequently agglomerate
with other vacancies into clusters.

Saada estimated the concentration of point defects
(cP) created by plastic deformation as [47]:

cP �
A
G

Z emax

0

rde ð6Þ

where A is the prefactor, r and e is the external stress
and the strain applied, G � 80 GPa is the shear modulus
of high carbon steel and

R
rde � 1

2
rmaxemax with rmax the

maximum stress and emax the maximum strain. Since Eq.
(6) is an integration of the incremental strain de, emax

equals to the value of true strain, i.e. e = 3. As the true
stress of a-ferrite in pearlitic steel wire is not available,
rmax = 0.78 GPa, which corresponds to the true stress
of bcc iron-carbon steel at e = 3 [48], was used for the
estimation of Eq. (6) the prefactor A was chosen as
10�2 at room temperature [49]. Then Eq. (6) leads to a
value of cP in the order of 10�4. Since this latter approx-
imated expression is a lower limit for the true integral,
we can take the number given in Eq. (6) as the number
of point defects that is most probably reached. This
value is higher than the value measured by PAS. One
possible explanation for this deviation could be an
inherent problem of PAS in not detecting isolated va-
cancy–carbon pairs in the Fe–C system. First principles
calculations [50] show that two C-atoms at one vacancy
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form a C–C bond within the vacancy and therefore in-
crease the electron density within the vacancy with a
concomitant decrease in the positron life time. This is
in agreement with experimental observations, where
vacancies having more than one C-atom attached could
not be detected by PAS [29].

In summary, combining XRD and PAS methods, the
vacancy concentration of a-ferrite of a cold-drawn
pearlitic steel wire with e = 3 was determined to be
10�5–10�4. These deformation-induced vacancies were
identified quantitatively as being agglomerated to va-
cancy clusters in a-ferrite of cold-drawn pearlitic steel
wire.
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