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Residual Stresses in Wires: Influence of Wire Length
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Residual stresses are one of the causes of failures in structural components. These stresses may arise in the
fabrication process from many causes. They cannot be easily accounted for because they are both difficult
to predict and to measure. X-ray diffraction (XRD) is nowadays a widespread technique for measuring
surface residual stresses in crystalline materials. Very small specimens are often used for this purpose due
to geometrical restrictions of either the diffractometer sample holder or the component to be inspected.
However, the cutting process itself may affect the residual stress state in these specimens, so measured
stresses could be misleading. In this work, the influence of specimen length on residual stresses was
investigated in cold-drawn ferritic and pearlitic steel wires by XRD measurements and finite element
simulations. In the ferritic wires, numerical simulations coincide with experimentally measured stresses.
However, in the pearlitic wires the effect of the stresses in cementite (which could not be measured by
XRD) has to be taken into account to explain the observed behavior. The results obtained have shown that
in both materials the cutting process affects residual stresses, so it is recommended that specimens larger
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than five times the wire diameter be used.

Keywords cold-drawing, numerical simulation, residual stress,

steel wire, x-ray diffraction

1. Introduction

Residual stresses are one of the causes of failures in struc-
tural components. It has been reported that failures due to stress
corrosion, fatigue, and corrosion-fatigue have been triggered,
in most cases, by the presence of high tensile residual
stresses.! "™

Residual stresses are self-equilibrating internal stresses ex-
isting in a free body that has no external forces or constraints
acting on its boundary. These stresses may be generated in the
fabrication process, in additional heat treatments, or just during
the mechanical loading of a component in use.!'®! As they are
not the result of external loads, they are not “visible”; only their
consequences are observed. Therefore, they are often ignored
in the design or quality control of a component. This is the
reason residual stresses need to be carefully measured, espe-
cially in components designed for high-risk applications.

From the various methods devised for the measurement of
residual stresses, x-ray diffraction (XRD) appears the most
useful to assess surface residual stresses in crystalline materi-
als."'%'8 In this method, the change in the interplanar lattice
spacing with respect to the “stress-free” value is used to cal-
culate the strain, from which the stress is derived. However, the
interpretation of these measurements is often far from straight-
forward, especially when small specimens must be used. This
may be the case when only a small coupon can be cut from the
component to be inspected. In addition to that, in many x-ray
diffractometers used for residual stress measurement, the
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sample holder is designed for very small specimens (typically
less that 2 cm in length). The cutting process may affect the
residual stress state in these specimens, so measured stresses in
the vicinity of free surfaces could be misleading.

In this work, the influence of specimen length on residual
stresses was investigated with the aim of determining the mini-
mum size required to obtain realistic values. To this end, lon-
gitudinal residual stresses at the surface of two cold-drawn
steel wires (with ferritic and pearlitic microstructure) were nu-
merically calculated by the finite element method (FEM) and
experimentally measured by XRD.

2. Experimental Procedure

2.1 Material: Wires With Residual Stresses

Straight bars (20 mm diameter and 6 m length) of ferritic
and pearlitic steel were specially fabricated by Saarstahl AG
(Volklingen, Germany) for this research. The bars were pro-
duced by hot rolling and aged to reduce residual stresses to a
minimum. Chemical composition of both materials is shown in
Table 1.

Conventional tensile tests were performed with a universal
testing machine to obtain the mechanical properties of the
wires before drawing. The results (average of at least three
tests) are given in Table 2.

The wires were cold-drawn in Contours Ltd., Orrville, OH
(a member of the Bekaert Group, Kortrijk, Belgium) in one
pass under precisely controlled conditions to a final diameter of
18 mm (20% reduction in section). A monoblock machine was
used for this purpose. Die geometry is shown in Fig. 1. The
main parameters are the following: initial diameter d, = 20.00
mm, final diameter d; = 17.91 mm, bearing length [, = 6.36
mm (35.5% d,), and die inlet angle 2ac = 15.36°.

Residual stresses are very sensitive to any processing after
drawing (especially the straightening process). To avoid any
change in the residual stress pattern generated by drawing, bars
were kept straight during the whole process.

The mechanical properties of drawn wires are shown in
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Fig. 1 Die geometry used in the drawing process

Table 1 Chemical Composition of Ferritic and Pearlitic
Steel Wires

Wire C, % Si, % Mn, % P, % S, % Al, %

Ferritic 0.04 0.10 0.20-045 0.035  0.035 0.02-0.06
Pearlitic ~ 0.78  0.15-0.35 0.60-0.90 <0.025 <0.025 0.02-0.06

Table 2 Mechanical Properties of the Steel Wires
Before Drawing

Wire E, GPa R0, MPa R, MPa Erms %0
Ferritic 200 230 340 21.7
Pearlitic 200 515 945 8.6

Table 3 (each value is the average of at least three tests).
Comparison between stress-strain curves of the ferritic and
pearlitic wires before and after drawing is given in Fig. 2. It can
be seen that the drawing process produces a substantial hard-
ening and a clear decrease in ductility, which are most notice-
able in the ferritic steel wire.

2.2 Residual Stress Measurement by XRD

Residual stresses were measured at the surface of the wires
by XRD.!"*!"" The interplanar lattice spacing between the (hkl)
planes can be calculated using Bragg’s law by simply measur-
ing the 20 angle at which the reflection occurs for a fixed
wavelength of the incident flux. From that, the longitudinal
strain along the direction of the scattering vector—the bisector
between incident and diffracted beam—(L; direction in Fig. 3)
may be obtained from the formula:

dyy —d,
(s == (Eq 1)

where &’; is the longitudinal strain along the L; direction, d,,,
is the lattice spacing for a given combination of ¢ and {s angles,
and d,, is the unstressed lattice spacing.

For isotropic materials, if the stress tensor in the irradiated
layers can be considered biaxial (i.e., the stress components in
the direction of the surface normal S; are negligible), Eq 1
becomes'"?!
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Fig. 2 Comparison between stress-strain curves of the ferritic and
pearlitic steel wires before and after drawing

Table 3 Mechanical Properties of the Steel Wires After
Drawing

Wire E, GPa Ry MPa R, MPa Erms %0
Ferritic 205 475 500 1.6
pearlitic 192 940 1115 22

, dyy—dy 1+v . v
(€33) gy = 4 =Tf Oosn (U E (0 +0p) (Eq2)

where o, is the stress component along the S, direction (Fig.
3). Therefore, o, may be obtained directly from the slope of a
least-squares line fitted to experimental data, measured at vari-
ous Vs, if the elastic constants £ and v and the unstressed lattice
spacing d,, are known.

In this work, measurements were performed with a Rigaku
Strainflex (Tokyo, Japan) analyzer (30 kV and 8 mA). The
a-Fe reflection under study was (2,1,1), which produces a
Bragg peak at 26 = 156.08° for the Cr K, radiation used (A =
2.2909 A). Experiments were performed in Q-mode. Diffrac-
tion peaks corresponding to ten values of s angle (sin*s inter-
val from nearly 0-0.7) were recorded for each residual stress
measurement. Parallel beam optics and Soller slits (1°) were
used both at the x-ray tube and the scintillation detector to
minimize defocusing errors.

The lattice spacing measured at a preliminary diffraction
run (at ¢ = 42°) is substituted for the unstressed lattice spacing
dy in Eq 2. This is based on the fact that, for most materials,
elastic strains may introduce at most a 0.1% difference between
the true d, and d at any {."'°! In addition, the single-crystal
elastic constants for the (2,1,1) reflection of a-iron are used to
calculate E and v.*”

The above-mentioned method for calculating residual
stresses is based upon the assumption of a uniform biaxial
stress state within the volume sampled by the x-ray beam. If
shear stresses (0,, 0;3) are present, y-splitting results (the d
versus sin*y data have opposite curvature for positive and
negative {s). If, in turn, the normal stress o35 has a steep gra-
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Fig. 3 Definition of the laboratory coordinate system L;, sample
coordinate system S;, and the angles ¢,;!'"!

dient in the surface layers (it must be zero at the surface),
curvature occurs in the d versus sin®}s plots and there is no
Y-splitting.!"”! In Fig. 4, typical d versus sin®ys plots for ferritic
and pearlitic cold-drawn wires are shown for the (2,1,1) a-Fe
reflection. It can be seen that the interplanar lattice spacing
d,,, is a linear function of sin*{y in both wires (the linear
correlation coefficient R is close to one in all measurements), in
agreement with the hypothesis of a biaxial stress state. So, the
residual stress in the ferrite phase can be obtained in both
materials from the gradient of the d versus sin®Js plot and Eq 2.
In addition, it has been shown™'! by FEM modeling that o,
does not change abruptly with depth (the calculated gradient is
about 30 MPa/mm). This means that the maximum value of 0755
in the irradiated volume (15 pwm depth for the Cr K radiation
used) would be approximately 5 MPa.

The diffractometer used is a portable system, so all the
movements are performed by the goniometer, which includes
the x-ray source and detector. With the aim of improving the
measurement precision, a special experimental setup was de-
signed for wires. It consists of an XY table (+0.01 mm preci-
sion) with two wire supports specially designed for turning the
wire around its axis at 45° steps. It allows one to perform
measurements in large samples without having to cut them into
small pieces. Samples used were 200 mm in length. With this
setup, residual stresses can be measured at several cross sec-
tions along the same cylinder generatrix or in several gen-
eratrices corresponding to the same cross section. In this way,
the homogeneity of the surface stress state can be checked.

2.3 XRD Results

Longitudinal residual stresses in the a-Fe phase of the cold-
drawn ferritic and pearlitic steel wires were computed at the
wire surface by using Eq 2. The experimental results are de-
picted in Fig. 5 as a function of the distance to the sample edge
(measurements were always made along the same generatrix).

In the ferrite phase, the longitudinal residual stress is tensile
in both steels. Most of the values range from 200 to 240 MPa
for the ferritic steel, and the stress goes to zero very quickly
close to the specimen edges (0 and 200 mm, respectively).

The residual stresses in the ferrite phase of the pearlitic steel
are lower than in the ferritic steel, with values ranging from
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Fig. 4 Interplanar lattice spacing of (2,1,1) planes versus sin*s for ¢
= 0°, 45°, and 90°: (a) cold-drawn ferritic steel wire, and (b) cold-
drawn pearlitic steel wire. The linear correlation coefficient R for each
curve is also enclosed.

approximately 20 to 60 MPa. Measured stresses do not change
abruptly with length in the central part of the wire. However,
close to the specimen edges, they change to compressive
stresses. The effect of the free surface is noticeable within a
distance between 20 and 30 mm from the specimen edges.
After measuring the residual stresses, the original samples
(200 mm length) were cut in three pieces, as shown in Fig. 6:

e Zone I: 50 mm from left edge

e Zone II: 50 mm from right edge

e  Central Zone: the remaining 100 mm in the middle of the
sample

After cutting, longitudinal residual stresses were again mea-
sured in the three pieces as a function of the edge distance, with
the same reference system and along the same generatrix as in
the original sample of 200 mm in length. The data correspond-
ing to the ferritic steel are shown in Fig. 7, together with the
results before cutting. In the shorter pieces, Zones I and II, the
maximum stress almost coincides with the values obtained for
the sample before cutting at the same wire location, which
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Fig. 6 Sketch of the cutting process

proves the repeatability of the positioning system and the mea-
surement reliability. However, stresses decrease quickly to zero
close to the borders of the individual pieces. The same behavior
is observed in the longer piece corresponding to the Central
Zone. In the Central Zone, it seems that the region influenced
by the edges is less than in the shorter pieces corresponding to
Zones I and II.

The results obtained in the ferritic phase of the pearlitic steel
are shown in Fig. 8. The observed behavior is very similar to
that of the ferritic steel. In the shorter pieces, Zones I and II,
longitudinal stress grows quickly from around —200 MPa close
to the edge to the values corresponding to the sample before
cutting at around 20-30 mm from the edge. After that, the stress
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values remain fairly constant within 5-10 mm and finally de-
crease quickly below —200 MPa in the final portion of speci-
men. The same behavior is observed in the longer piece, the
Central Zone. The only difference lies in the wire length where
the stress reaches a value similar to that of the original sample,
which in this case is approximately 50 mm.

3. Numerical Study
3.1 Numerical Model

A numerical model using the code ABAQUS™? was devel-
oped to study residual stresses generated by drawing. It repro-
duces the passing of the wire through a drawing die. The model
takes into account the mechanical and thermal part of the prob-
lem but not the influence of phase transformation. Nowadays,
modern lubricants and efficient cooling allow the control of
wire temperature during the process, so it does not go beyond
250 °C at the surface. Under these conditions, a phase trans-
formation is unlikely to happen in steel.'*’!

Residual stresses may appear as an elastic response to a
non-uniform distribution of plastic strain. An elastoplastic law
with strain hardening was chosen to model the wire behavior
(Fig. 9). Isotropic hardening with a von Mises criterion was
used, and as a first approximation, the yield locus was consid-
ered independent of strain rate. The constitutive equation used
as the initial data of the model is the stress-strain curve of the
corresponding steel before drawing.

The basic hypothesis of the elastoplastic models is that
strain can be divided in two parts: elastic and plastic (Fig.
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Fig. 8 Surface longitudinal residual stress vs distance to border in the ferrite phase of cold-drawn pearlitic steel wire (before and after cutting)

9).1>41 Plastic response was considered incompressible, and 3.1.1 Drawing Simulation. The drawing process has
three different kinds of elements (8-nodes with reduced inte- been simulated by making the wire pass through the die. To
gration, 8-nodes with incompatible modes of deformation, and this end, the displacement of the front end of the wire was
8-nodes hybrid) were used to avoid the problem of volumetric imposed. That is a realistic approach because in the real pro-
locking.®*?! The results from the simulation were almost the cess the wire is forced to pass through the die by pulling it from
same for the three kinds of elements. the point.
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Fig. 9 Elastoplastic law used to model the wire mechanical behavior

The die (see Section 2.1 and Fig. 1) was modeled as an
elastic material (elastic modulus of tungsten carbide). The con-
tact between the wire and the die has been reproduced with a
Coulomb friction coefficient, which ranges from 0.01 to 0.2 in
industrial practice. Calculated stresses were almost the same
within this range.”"

Residual stresses are calculated at the end of the process,
when the whole wire has passed through the die, in a zone
where the stationary state has been reached. Starting and final
parts of the wire are not considered for this purpose.

3.1.2 Cutting Simulation. The cutting process described
in Section 2.3 (Fig. 6) was numerically simulated to study the
effect of the new surfaces on existing residual stresses. The
simulation was performed in three steps:

1) First, a number of model elements were removed from the
original wire (after passing through the die) until the re-
quired length (100 mm for central zone or 50 mm for Zones
I and II) was attained.

2) Second, a stress state equal and opposite to the residual
stress state of the wire before cutting was applied to the new
free surfaces, so as to achieve the equilibrium condition.

3) Finally, residual stresses with the new boundary conditions
were calculated.

3.2 Results

3.2.1 Ferritic Wire. The longitudinal residual stress pro-
file of the ferritic wire after drawing is shown in Fig. 10.
Stresses were calculated along one diameter and plotted as a
function of relative depth /R, where r is the distance from the
wire center and R is the wire radius. The self-equilibrium con-
dition is verified in the wire section. It can be observed from
Fig. 10 that the stresses are tensile at the surface and compres-
sive at the wire core, with values ranging from 250 MPa to
—550 MPa, respectively.

Figure 11 represents the effect of the simulated cutting pro-
cess on the calculated longitudinal residual stresses at the wire
surface. In all three pieces (Zones I and II and Central Zone of
Fig. 6) the stress grows from zero at the wire edges to approxi-
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Fig. 10 Longitudinal residual stress as a function of relative depth
(r/R) in the ferritic steel wire after drawing (FEM simulation)

mately 220 MPa—the residual stress value before cutting—at
the central part of each piece. The shorter the wire, the more
noticeable the region influenced by the new free surfaces cre-
ated by cutting as compared with the total length. It can be seen
that stresses reach realistic values at a distance of about 20-30
mm from the wire edges.

3.2.2 Pearlitic Wire. The residual stress profile calcu-
lated for the pearlitic wire is shown in Fig. 12. There, longi-
tudinal residual stresses are plotted as a function of the relative
depth #/R. As happened with the ferritic wire, residual stresses
are tensile at the surface and compressive at the wire core, with
values ranging from 400 to —800 MPa, respectively. As hap-
pened with the ferritic wire, the calculated stress profile also
fulfils the self-equilibrium condition.

When the simulation of the cutting process is carried out
with the pearlitic wire, the results of Fig. 13 are obtained. Close
to the specimen edges, irrespective of the sample length, the
stress goes to zero very quickly. At the central part of each
piece the stress reaches a value around 400 MPa, which is very
similar to the one calculated before cutting. The region where
the stress values become affected by the free surface boundary
condition measures approximately 20 mm. As occurred with
the ferritic wire, in the shorter samples (Zones I and II), this
leaves very little area in which the stresses are representative of
the values before cutting.

4. Discussion

4.1 Ferritic Wire

Experimental and numerical results show that the cold-
drawing process suffered by the ferritic wire generates notice-
able tensile residual stresses at the surface, with the maximum
value being about 45% of the tensile strength. The residual
stress profile calculated by FEM matches very well with the
experimental measurements by XRD at the wire surface. From
Fig. 5, it can be seen that most longitudinal residual stresses
measured at the surface are located in a scatter band of about 40
MPa (between 200 and 240 MPa), whereas the numerical
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Fig. 11 Surface longitudinal residual stresses calculated by FEM vs distance to the border in cold-drawn ferritic steel wire (before and after cutting)
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Fig. 12 Longitudinal residual stress as a function of relative depth
(#/R) in the pearlitic steel wire after drawing (FEM simulation)

simulation gives values close to 220 MPa at the wire surface
(see Fig. 11).

Wire drawing is an axisymmetric process, so a uniform
residual stress state all along the surface of the wire is ex-
pected. X-ray measurements performed in a given cross section
along several generatrices have confirmed this fact. However,
it has been observed that local defects may cause important
changes on the stress values. Therefore, valuable information
about residual stress state may not be inferred from a few
measurements. Instead, many points have to be sampled in
several cross sections to get relevant results.

The cutting process is adequately simulated by FEM, as
shown in Fig. 14. Experimental measurements and numerical
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calculations point out that the region where the stresses are
affected by the free surface ranges from 20 to 30 mm in length
(between 1 and 1.5 times the wire diameter). This means that
in the case of the 50 mm specimen (Fig. 14c), surface residual
stress measurements are not representative of the actual stress
state generated by cold drawing.

4.2 Pearlitic Wire

In multiphase materials, XRD must be carried out in each of
the constituent phases to obtain the total residual stress. How-
ever, sometimes this is not possible, as happens in our case.
Wires used for pre-stressed concrete have a fully pearlitic mi-
crostructure composed of nano-sized alternating ferrite and ce-
mentite lamellae. Diffraction peaks from the cementite phase
cannot be easily obtained with commercial x-ray diffractom-
eters, for the volume fraction of cementite in pearlite is very
low (around 12%). Therefore, residual stress measurements by
XRD give information only about stresses in the ferrite phase.

Longitudinal residual stresses measured by XRD in the fer-
rite phase of the pearlitic steel are fairly homogeneous along
the wire length. Stress values range from 20 to 60 MPa in the
central zone of the wire and decrease very quickly when the
specimen edges are approached (Fig. 5). However, unlike the
ferritic steel, residual stresses close to the free surfaces are not
zero, but negative. The explanation lies in the fact that with
XRD we are obtaining information about only the residual
stresses in the ferrite phase of a two-phase material. We do not
know how much stress is carried out by the cementite phase. If
we take into account that ferrite represents around 88% in
volume of pearlite and we apply the equilibrium condition
between phases, the total residual stress o would be:
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o'=V,e/+V, 0" (Eq 3)
where V; and V_ are the volume fractions of ferrite and cement-
ite in pearlite (88% and 12%, respectively), and o and ¢° are
the corresponding residual stresses in both phases. At a free
surface, total stresses must vanish. From Fig. 5 and 8, the
longitudinal stress carried out by the ferrite phase at the wire
edge is around —250 MPa. The corresponding residual stress in
cementite can be estimated by applying the free surface bound-
ary condition to Eq 3. The resulting stress is then around 1800
MPa.

Numerical simulation of the drawing process gives infor-
mation on the total residual stress developed in the material. In
the single-phase ferritic wire, total stress coincides with ferrite
phase stress measured by XRD. However, in the case of the
pearlitic wire, numerical results cannot be compared with re-
sidual stresses measured by XRD, because the latter only pro-
vide values for the ferrite phase. If the cementite phase stress
calculated above at the wire edge is used in conjunction with
Eq 3, the total residual stress at any point of the wire surface
can be estimated. Far from the specimen edges, the measured
residual stress in the ferrite phase averages 40 MPa, an increase
of around 300 MPa from the wire edge value (Fig. 5). On the
other hand, the total residual stress predicted by FEM simula-
tion is increased from zero at the wire edges to around 400 MPa
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at the central part of the specimen (Fig. 13). The increase in the
cementite phase stress can be calculated from Eq 3:

Ac” =V, Ac’ + VAo (Eq 4)

where Ac T, Ac’, and Ac® are the increments in the total, ferrite,
and cementite stress, respectively. The resulting increment in
the cementite phase stress from the wire edge data is around
1200 MPa. Therefore, the cementite stress at a point of the wire
surface far from the wire edges is approximately 3000 MPa.
The values obtained for the cementite stress agree with the
published data.['!27-281

The FEM simulation of the cutting process yields total re-
sidual stresses at the wire surface, which are considerably
higher than the XRD measurements on the ferrite phase (Fig. 5
and 13). In Fig. 15, a comparison is given between XRD mea-
surements (stress in the ferrite phase), FEM simulations, and
calculations from Eq 3. It can be seen that the total stresses
calculated from Eq 3 give values very close to the FEM simu-
lations; the residual stress at the wire edges being zero in both
cases, in agreement with the free surface boundary condition.
As happened with the ferritic wire, the extension of the region
affected by the free surface is again similar to the wire diam-
eter.
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5. Conclusions

The cutting of specimens affects residual stresses in a length
between 1 and 1.5 times the wire diameter, so to know the
actual residual stresses it is recommended that specimens larger
than 5 times the diameter are used, to have a central region
(about three diameters) free from the perturbations created by
cutting.

In spite of the above-mentioned data, in many diffractom-
eters used for residual stress measurements, geometry and
sample holder limitations make it necessary to use very small
samples. The results from the current study may serve as a
warning for measurements obtained in such conditions. Re-
sidual stress values obtained in a small sample might not be
representative of the actual stress state. However, in multiphase
materials, residual stress measurements close to the free sur-
faces may yield useful information on stress partitioning be-
tween phases.
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