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Abstract. Energy dispersive synchrotron diffraction has been carried out on cold drawn pearlitic 
steel wires. In this paper the observed cementite peaks are analysed. For a broad range of true 
drawing strains sin²(ψ) curves have been measured. The residual stress in the cementite is found to 
saturate after reaching a maximum at a strain of about 1.6. No indication of significant texture 
development in the cementite could be observed. An explanation is given in terms of possible 
physical mechanisms. Peak broadening was observed at the early stages of deformation. 
 
Introduction 

Pearlitic steel wire is a two phase material having a lamellar microstructure, produced by wire 
drawing. The wire drawing process results in an alignment of the lamellae with the drawing axis 
and consequent thinning and curling of the lamellae [1,2]. This behaviour results in an exponential 
strengthening of the wire with increasing drawing strain, giving rise to very high tensile strengths 
[3,4]. At high strain the cementite phase is known to decompose [5-7], leading to an increase of the 
carbon content in the ferrite phase. The carbon is mainly clustered around lattice defects [8,9]. 

The excellent properties of pearlitic steel wires make them perfect for many industrial 
applications such as cables for bridges and sawing wires for wafers. A lot of research has already 
been expended on the study of the influence of residual stress, texture and the exact microstructural 
features of the pearlite on the mechanical properties of the wire. To this day, a full understanding of 
the behaviour of the pearlitic steel has however still not been achieved. 

The study of pearlite has mainly been focussed on the ferrite phase for a long time. The cementite 
was considered to be elastically isotropic. However, it has now been shown that the cementite phase 
exhibits (strong) elastic anisotropy [10,11]. It is also widely accepted that the cementite deforms 
plastically during wire drawing [2,12]. Consequently, plastic anisotropy of cementite might lead to 
a texture development.  

Ferrite and cementite crystallographic orientation, together with the morphological orientation 
(i.e. alignment of the lamellae with respect to an external reference frame) determine the phase 
boundary structure. The structure of the phase boundary determines its efficiency as a dislocation 
source or sink and has an influence on the stability of the cementite phase [13]. 

This study aims at contributing to the understanding of the pearlite behaviour by a detailed 
analysis of the cementite peaks recorded during residual stress measurements. Next to the measured 
residual stress, special attention will be paid to the possible existence of a cementite texture and 
cementite peak broadening. The main concern of the experiment were the residual stresses in the 
ferrite phase [14]. The quality of the data obtained on the cementite phase is therefore not entirely 
satisfactory. However, an effort is made to learn as much as possible from the available data. 

 



Material and experimental methods 
The material used in the current investigation is a hypereutectoid steel wire having a 

microstructure consisting of ferrite and cementite lamellae. The wire contains about 0.92 wt% C, 
0.36 wt% Mn and 0.21 wt% Si. The cementite phase has an orthorhombic crystal structure (a = 
5.084, b = 6.742, c = 4.514) and takes up about 16 vol% of the material. The steel wire has been 
cold drawn to various strains, up to a true drawing strain of 3.7. The as-patented wire has a 
thickness of 890 µm and a thin brass coating of about 1.1 µm thickness. 

Diffraction patterns were collected from wires drawn to different strains using energy dispersive 
synchrotron radiation. The measurements have been carried out at the Helmholtz Zentrum Berlin 
(HZB) using the EDDI beam line [15]. They were performed using a diffraction angle 2θ of 8°. For 
each strain, 42 patterns are recorded: two angles of φ (0° and 90°) and 21 angles of ψ. The 
diffracting volume of one wire is very small. To remedy this, a number of wires is placed next to 
each other. This is illustrated in Fig. 1, together with the definition of the angles. The residual stress 
in both the axial and transversal direction can be determined from the slopes of d-sin²ψ curves. 

The beam current and thus intensity of the synchrotron radiation varied with time. At regular 
intervals a bunch of electrons is injected into the beam causing the beam current to increase. After 
each injection the beam current drops exponentially until the next injection. Measured intensities 
thus have to be corrected for the beam current. On top of this correction it should be held in mind 
that small peaks will be more difficult to resolve at low beam current. 

The used set-up can also be used 
to get an indication of texture. 
Consider the horizontal axis of the 
pole figure to be parallel to the 
wire axis. The intensity along the 
horizontal axis of the pole figure 
can then be measured by varying ψ 
from 0° to 90°, for φ equal to 0°. 
Varying ψ for φ equal to 90° yields 
the intensity distribution along the 
vertical axis of the pole figure. 

 
Results 

The sharpest peaks in the measured diffraction patterns belong to the ferrite phase. From these 
peaks the ferrite residual stresses and peak broadening could be obtained. The results are discussed 
in two separate contributions to these proceedings by M. Kriška et al. [14] and M. Seefeldt et al. 
[16], respectively. 

 
As-patented wire The entire diffraction pattern for the as-patented wire is shown in Fig. 2. The 

three highest peaks are, in order of increasing energy, the ferrite 110, 200 and 211 reflections. The 
counts have been cut off at 1000, the ferrite 110 peak has an intensity of around 5500 counts. The 
peaks at 87.55 and 97.86 keV are the ferrite 220 and 310 reflection respectively. The larger peak at 
34 keV (90 counts) and smaller peak at 32.8 keV (30 counts) are escape peaks related to the 110 
ferrite peak. The small peaks at energies below 10 keV are not caused by diffraction but by X-ray 
fluorescence and are as such of no interest to the current investigation. 

Around the 110 ferrite peak some smaller peaks can clearly be observed. A detail of the pattern 
around the 110 ferrite peak is shown in Fig. 3. Weisser et al. [17] measured a much sharper 

Fig. 1. Illustration of the experimental set-up. 



diffraction pattern of cementite in bainite using synchrotron radiation. Some of the peak positions 
found by Weisser are indicated with lines in Fig. 3. Where peaks overlap too much, no separate 
lines have been drawn. A comparison of the profile with the indicated cementite peak positions 
shows that most of the peaks can be identified as cementite. However there is one peak with a d-
spacing of 2.133 Å that could not be attributed to any of the allowed cementite reflections. 

This extra peak can be attributed to the thin brass coating covering the wire. The observed d-
spacing corresponds to the 111 reflection of fcc α-brass with lattice parameter a = 3.694 Å. If the 
stress in the coating is considered to be negligible for the as-patented wire, the measured lattice 
parameter corresponds to a zinc content of about 36 wt% [18]. This peak is discussed in some more 
detail in a further section of this paper. 

 
Fig. 2. Energy dispersive synchrotron diffraction spectrum of the as-patented wire (ϕ = ψ = 0°). 

 
Fig. 3. Detail of the diffraction spectrum of the as-patented wire around the 110 ferrite peak. Energy values have been 

converted into d-spacings. 



True drawing strain 0.4-1.2 A close-up of the diffraction patterns (φ,ψ = 0°) for wires cold drawn 
to true strains of 0 up to 1.2 is shown in Fig. 4. At a true strain of 0.4 the peaks on the high-d-side of 
the 110 ferrite peak become much broader and begin to overlap. The patterns for a true strain of 0 
and 0.4 were measured at comparable beam currents. The beam currents during measurement of the 
patterns for wires with true strains of 0.6 and 1.2 were only half as high. The peaks on the high d 
side now almost seem to disappear completely. The patterns at a higher ψ angle (for ε = 0.6 and 1.2) 
were again measured at a higher beam current. Even then the peaks could still not be discerned 
unambiguously. Only the brass peak remains visible. It strongly overlaps with the 110 ferrite peak 
so that it manifests itself as a strong asymmetry of the ferrite peak towards the high-d-side. 

On the low-d-side the maximum intensity of the peak around 1.85 Å also strongly decreases. This 
peak seems to stabilise at a true strain of 0.6 and remains more or less visible, depending on the 
beam current. The software provided at HZB was able to fit this peak and determine the peak 
position. It should be held in mind that this peak is a combination of three cementite reflections 
(221, 131 and 022). 

 
Fig. 4. Diffraction spectra (ϕ = ψ = 0°) measured on wires drawn to different strains (0, 0.4, 0.6 and 1.2). 

Residual stress At still higher strains, accurately determining the peak position of the peak around 
1.85 Å becomes more difficult. Patterns were collected for many ψ angles and the peak positions 
determined. After a selection of the reliable peak positions, which coincides with high beam 
currents, enough points were left in the d-sin²ψ curves to determine the residual stresses in the axial 
direction up to a true train of 2.8. The cementite axial stresses are shown in Fig. 5. The stress in the 
transverse direction is always a mixture of hoop and radial stresses and was zero within the 
accuracy of the current experiment. The transverse stresses will therefore not be discussed further. 
The discussion further in this paper shows that the stress calculation is reliable, even though the 
used peak consists of three overlapping reflections. 

At higher strains the 110 ferrite peak exhibits a strong asymmetry towards the high-d-side for 
patterns collected where φ is 0°. For φ equal to 90° this asymmetry is not present, however the peak 
around 2.13 Å is again visible. The patterns for a true drawing strain of 2.1 and ψ = 30° are shown 
in Fig. 6. The difference between the two patterns can be explained as the brass peak having almost 
no stress in the transverse direction while being under compression in the axial direction, shifting 
the peak to a smaller d-spacing and causing strong overlap with the 110 ferrite peak. 



Intensity distribution The intensity evolution of the cementite peak at 1.85 Å and the brass peak 
was investigated. To eliminate intensity evolutions related to peak broadening and determine the 
texture correctly, the integrated intensity should be used. Here the maximum intensity is used 
because the peak that overlaps with the 110 ferrite reflection could not be fitted and the fit of the 
other peak was often unreliable. However, because the observed peak width doesn’t change (see 
below), using the maximum intensity should be a good approximation. The point where strong 
asymmetry begins is chosen as the maximum intensity for the overlapping peak. The observed 
maximum intensity is corrected by dividing by beam current. 

The intensity distribution for two different drawing strains is shown in Fig. 7. for φ = 0° and 90° 
on the left and right hand side, respectively. The cementite peak only shows a decreasing intensity 
towards higher ψ tilts, which is a geometrical effect. At higher strains the intensity also drops 
visibly. It can thus be concluded that the cementite shows no significant indication of texture. 

 
Fig. 7. Rescaled maximum intensity for both ϕ = 0° and ϕ = 90°, as a function of ψ. This corresponds to the intensity 

evolution along two lines of a pole figure with the wire axis parallel to the horizontal axis. For ϕ = 0°, the horizontal 
line of the polefigure from the centre to the edge. For ϕ = 90°, the veritcal line of the polefigure. 

The 111 brass peak on the other hand does show a texture evolution. Along the φ = 90° direction 
there is no intensity evolution except for a geometrical effect. However, along the φ = 0° direction 
at a drawing strain of 1.9 there is a clear intensity evolution. At higher strains the same evolution 
becomes even more pronounced. The observed intensity agrees well with a double fibre texture 
<111> + <001> as can be expected for a fcc material subjected to axially symmetric elongation. 

Fig. 5. Axial residual stress in the cementite phase as a 
function of drawing strain. 

Fig. 6. Detail of diffraction spectra measured on 
wire with  ε = 2.1 (ψ = 30°). 



 
Fig. 8. Integrated peak width as a function of ψ and drawing strain for both ϕ = 0° and ϕ = 90°. 

Peak broadening The peak width of the only cementite peak that persists to higher strains has 
been determined. After fitting of the peak the integrated breadth was calculated. The result for three 
different strains is shown in Fig. 8. for φ = 0° and 90° on the left and right hand side respectively. 
No changes in peak width could be observed for strains above 0.4. 

 
Discussion 

Residual stress The fact that the stress is calculated from a peak consisting of serveral reflections 
requires some consideration. The d0 spacing is not required because d-sin²ψ curves are used to 
calculate the residual stresses. However, the diffraction elastic constants (DEC’s) to be used in the 
calculation should be known. This is not straightforward because the DEC’s of the three 
contributing reflections are different. The DEC of the 221 reflection is used because, based on the 
pattern of the as-patented wire, it gives the largest contribution to the observed peak. The DEC’s 
were calculated according to Kröner and a homogeneous texture was assumed. 

One problem that might occur is a fake peak shift being recorded as a consequence of one of the 
three reflection preferentially increasing in intensity due to texture. Since no significant cementite 
texture was observed, this problem does not arise here. As long as the stress on the different lattice 
planes doesn’t vary to much as a result of grain-grain interactions, the calculated value for the stress 
is considered to be a reasonable approximation for the stress in the cementite phase. 

It should be remarked that, as a result of the decreasing wire diameter, the sample is only fully 
penetrated by X-rays starting from ε = 0.8. The measured stress therefore evolves from a mixture of 
macro stress and micro phase stress at ε = 0 to only micro phase stress at ε = 0.8 because the macro 
stresses cancel out when averaged over the entire cross-section. 

The residual stress in the axial direction increases up to 3.3 GPa at a true drawing strain of 1.6 and 
then drops and saturates at 1.8 GPa. The saturation of the cementite residual stress corresponds to a 
change in regime observed in the ferrite stress reported elsewhere [14]. The strain at which this 
happens also seems to coincide with the completion of the ferrite texture and lamellae rotation. 
Oliver et al. [19] and Hanabusa et al. [20] reported saturation of residual stress for spheroidised 
cementite. Oliver attributed the saturation to yielding upon unloading. Another possible mechanism 
for saturation of the cementite stress is fragmentation of the cementite lamellae. The current 
investigation did not allow to draw conclusions regarding the responsible mechanisms. 

 
α-brass The peak having a d-spacing of around 2.13 Å is considered to be the 111 reflection of the 

brass coating. Its average intensity decreases (see Fig. 7 for φ = 90°) as a result of the peak 



broadening caused by deformation of the microstructure. It also shows an increasingly strong 
<111> + <001> fibre texture. The fcc α-brass is softer and more ductile then the bulk wire. This can 
explain the change of peak position between φ = 0° and 90° as a compressive residual stress in the 
axial direction. The peak has a higher intensity in all patterns where φ = 90°, as a result of the 
alignment of the wire and the incoming synchrotron beam. 

All the above observation form a consistent picture. It is therefore safe to assume that the peak at 
2.13 Å is indeed α-brass. Moreover the 111 reflection is the strongest reflection for fcc materials, 
which explains why only the 111 reflection is observed. The fact that the peak persists to high 
strains makes it very unlikely that this is a cementite peak. Strong deformation of the cementite and 
its decomposition at high strains should strongly decrease the intensity of the observed reflections. 

 
Cementite texture No indication of a significant cementite texture could be observed. This is in 

disagreement with neutron diffraction measurements by K. Van Acker et al. [21]. The reason for 
this could be that the current experiment was not designed to measure texture. However, it is also 
possible that there is indeed no texture present in the cementite. The cementite is a hard phase 
which does not easily deform plastically. This will hinder the development of texture. 

The development of texture could further be suppressed because of the fine lamellar 
microstructure. The development of the ferrite fibre texture is also retarded because of this [22]. If a 
material consisting of a soft and hard phase is deformed, the soft phase has to flow around and 
adapt to the hard phase. This leads to lattice bending in the soft phase and smearing out of the 
preferred orientations resulting in a smoothening of the texture. Because of the nature of this 
mechanisms it might not manifest itself so strongly in the hard phase. The fine lamellar 
microstructure will result in a large material volume affected by the phase boundaries. 
Requirements of compatibility between the two phases at the interface and low interface energy 
might cause bending of the crystal lattice and spreading out of any texture present. 

Any potential texture development could also be destroyed by a breakup of the lamellae [7,23] in 
small disoriented crystallites. Rotations of the crystallites without preferred direction, would destroy 
the present texture. It should be noted that this was only observed at high strains [8]. A strong 
dissolution of the cementite could also lead to the suppression or destruction of texture. 

 
Cementite peak broadening Broadening of the cementite peaks could only be observed at the 

onset of deformation and not at higher strains. This is in disagreement with the observations made 
in [9]. However, the lack of broadening in the current investigation is probably due to the 
instrumental broadening being too large to accurately measure the cementite peak profiles. The 
reduction in peak intensity without a broadening of the peaks indicates that when the peaks broaden, 
the tails are lost in the background. 

A big change in peak widths and intensities can be observed when comparing the profile of the as-
patented wire and the one at true drawing strain of 0.4. This is an indication that the cementite is 
already undergoing plastic deformation at the early stages of wire drawing. 

 
Conclusions 

The observed cementite peaks quickly vanish with increasing strain. Together with the 
overlapping with the 110 ferrite and 111 brass reflection this results in only one cementite peak 
being of any value. From this one peak some conclusions could be drawn. 

1. The stress in the cementite reaches a maximum of 3.3 GPa at a true strain of 1.6 and drops to a 
plateau of 1.8 GPa at higher strains. 



2. No significant cementite texture could be observed. 
3. No peak broadening could be observed. This can be attributed to the large instrumental peak 

broadening. The difference in the diffraction profiles between 0 and 0.4 true strain indicates 
that the cementite might already undergo plastic deformation at small drawing strains. 

Although the experiment was aimed at measuring ferrite stresses, a thorough study of the obtained 
profiles also allowed to learn something about the cementite phase and gather the maximum amount 
of information. 
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