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This paper describes the results of modeling when the processes of stranding, reduction, straightening and ther-
mo-mechanical treatment (TMT) of prestressing strands were simulated with the help of finite-element method.
The distribution of residual stresses used in the simulation models refers to the stresses created at the preliminary
stage of wire drawing. The simulation study looked at the effect of thermo-mechanical treatment on the inter-
nal wire stresses: residual stresses resultant from the drawing process and further stranding stresses. All studied
methods demonstrated a positive effect not only in terms of eliminating internal stresses, but also from the point
of view of their redistribution. Reduction of a strand in a solid tool at the ratios of 1—3 % allows to create tensile
stresses at the surface of the wire and retain compressive stresses in its core. Straightening in a 5-roller group
helped reach a double relaxation in outer wires. TMT, a process combining different physical effects, enabled to
control within a broad range the redistribution of residual stresses in steel that was subjected to prior drawing at
high deformation ratios. Such residual stresses occur as a result of stranding stresses that accompany the strand-
ing operation and can affect the geometry of the strand. The study showed that tension asa TMT parameter plays
a greater role in the elimination of longitudinal residual stresses. That’s why, at the minimum tension, almost
no redistribution of residual stresses occur either in the central or in the near-surface layers irrespective of the
TMT temperature regime applied. However, when the tension exceeding 70 kN is applied at the temperatures of

stranding, straightening.

380—400 °C, the central and surface residual stresses balance off in the wire or almost disappear.

Introduction

Most of high value-added steel products have a com-
plex geometry (e.g. bolts, nuts, etc.) or consist of multiple
components (strands, meshes, etc.). As the products of
the metalware industry often find application in construc-
tion and design engineering and, consequently, they have
to deal with complex loading patterns, it becomes crucial
to understand how each processing stage contributes to
the performance and processability of the final product.

Prestressing strands designed for prestressed rein-
forced concrete structures would serve as an excellent
example. Application of such prestressing strands helps
significantly reduce the cost of structures while enhancing
their quality [1]:

- Through heat treatment, the wire rod acquires the
desired initial microstructure;

- Multiple drawing helps build the geometry, stress-
strain state and microstructure in the process wire;

- The operations of stranding and straightening and
a special thermo-mechanical treatment (TMT) regime
produce an effect on each wire and the overall strand
changing their stress-strain state.

Specific features related to the production and appli-
cation of prestressing strands for prestressed structures are
the subject of numerous research papers and experimental
studies [2—12]. The main parameters that define the final
properties include the microstructure of steel and inter-
nal stresses. They dictate the ultimate strength and re-
laxation resistance. Ifit can be relatively easy to gradually
build a microstructure through successive process stages
by means of experimental and laboratory studies [13], it
would be better to use computer simulation software to
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predict the residual stresses resultant from multi-stage
processes involved in the wire production.

This research aimed to conduct an FEM study in
order to understand how internal stresses tend to gradu-
ally build up in prestressing strands under production and
how different TMT modes influence their distribution.

Materials and methods of research

This paper examines a 7-wire prestressing strand with
the diameter of 12.5 mm and the strength of 1850 MPa
made of pearlitic steel. The chemical composition and
mechanical properties of the wire after drawing are given
in Table 1. The prestressing strand was obtained with the
help of the following production operations: patenting;
surface preparation; multiple cold drawing (from initial
diameter 12 mm to final diameter 4.1—4.3 mm), strand-
ing, straightening, and thermo-mechanical treatment in
a stabilization line.

As the wires for prestressing strands are normally
drawn at high deformation rates reaching 88—90%, this
inevitably creates residual stresses, which affect both
the mechanical properties and performance of the final
strand, as well as the stranding consistency [13—20].
That’s why analysis of the 7-wire prestressing strand pro-
duction process should be based on evaluation of absolute

Table 1. Chemical composition and mechanical properties
of the wire

Tensile strength

C | Mn| Si)CriN v after drawing 6, MPa

0.80{0.48|0.28{0.05|0.020.11 2,000
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residual stresses and their distribution since they are re-
sidual stresses that mostly determine the stress-strain state
of the strand during stranding. To these, stranding stresses
are added that occur in a wire rope stranding machine.

The drawing process preceding the straightening,
stranding and TMT operations was described and exam-
ined by means of full-scale experiment and multiscale
modelling in the paper [21]. The conventional TMT tem-
perature range is 360—400 °C. Considering the convention-
ally applied tension, the mechanical properties resultant
from the drawing process and the strand, the tension ap-
plied varied in the range of (58+82) kN. The lay pitch was
200 mm.

Three models were built to analyze how each process-
ing stage changes the internal stresses:

1. Stranding and reduction model for a 7-wire strand:
A strand is spun to the desired pitch; it is then reduced in
asolid tool at the reduction rates of 1, 2 and 3%.

2. Straightening model: A strand is spun to the desired
pitch and it is then drawn through a group of five hori-
zontal 100 mm rollers with the groove depth of § mm and
depression of 5 mm.

3. Stranding and TMT model for a 7-wire strand:
A strand is spun to the desired pitch,; it is then heated to
the specified temperature within a given range; one end is
put under tension; the tension and the heat are removed
at the same time.

The same post-drawing distribution of the residual
stresses was used for the initial state in all the models as
the one examined and verified in the paper [21].

Results of modeling

Strand reduction model

Use of solid tools during stranding in wire closing ma-
chines may improve the stress state of the strand, create
good surface conditions and a good stress state and raise
the diameter-related accuracy of the strand while main-
taining the interwire gap. At the same time, it is crucial to
choose the right reduction modes. The initial reduction
stages, which correspond to the reduction in dies, are as-
sociated with a non-uniform stress state with a great share
of tensile stresses, which impacts the plasticity of steel.

The conventionally applied reduction range is 1—3%. A
4% or a higher reduction ratio applied would compromise
the power efficiency of the stranding process and affect
the mechanical properties of steel. To account for residual
stresses, the sections of the wires to be stranded together
would be divided into areas with the corresponding axial
residual stresses measured after wire drawing operation.

The von Mises stress distribution in all the three re-
duction modes (Fig. 1) remained even in the range of 300
to 600 MPa, whereas in the initial state, i.e. after strand-
ing, the stress state was extremely uneven demonstrating a
considerable difference between surface and core stresses.

The reduction ratios of 2 and 3% appear to be com-
parable in terms of radial strain distribution, however
they were found to be more favourable compared with

Initial state after lay

Fig. 2. Longitudinal residual stress distribution

the 1% reduction mode. In these modes, the wires have
symmetrical compression strains localized at the surface
that enhance the mechanical properties of steel. A 3%
reduction mode is most beneficial in terms of longitudinal
residual stress distribution (Fig. 2) associated with mini-
mized tensile residual stresses at the surface and maxi-
mum compression stresses retained in the core.
Correspondingly, the most favourable stress-strain
state is obtained when the reduction ratio is at least 2%.

Straightening model

Comparison of the distributions of the von Mises
stresses (Fig. 3) and longitudinal stresses (Fig. 4), which
are of great relevance for the production of strands, shows
that straightening of a 12.5 mm strand with up to 5 mm
depression in one group of rollers can result in consid-
erable changes in the stress state of the strand (mainly,
of the outer wires). Thus, the longitudinal stresses in the
outer wires reduce by 1.7—2 times, and in separate wires
they can reach near-zero values. At the same time, the von
Mises stresses in all outer wires see a 1.5—2 times drop,
which makes the strand less prone to untwisting and pro-
duces an overall relaxation effect. However, a bigger de-
pression may affect the geometry of the strand and result
in a higher pulling force. Besides, a bigger depression will
inevitably lead to a bigger contact arc between the strand
and each roller leading to roll wear. That’s why the best
solution in this case would be to use a few alternating
groups of straightening rollers (horizontal and vertical)
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Fig. 3. Von Mises stresses
in the exit section

Fig. 4. Longitudinal stresses
in the strand cross-
section
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Fig. 7. Redistribution of longitudinal residual stresses
following various TMT modes (tension values
are indicated separately for central wire)

one can see from the results obtained,
at the minimum temperature of 360 °C
or at the minimum tension of 58 kN the
strand is highly likely to deform (see Fig.
5). But starting from the tension of 70 kN
and the temperature exceeding 360 ‘C,
the TMT process helps to almost com-
pletely remove stranding stresses that
want to loosen the strand.

The distribution of longitudinal re-
sidual stresses in the central wire follow-
ing TMT is shown in Fig. 7 and Fig. 8.

As is demonstrated in Fig. 7 and 8§,
tension plays a greater role in the elimi-

Fig. 5. Computer models of strands after various TMT modes (the von Mises

stress)

Temperature: 380°C Tension: 58 kN

Temperature: 360°C Tensile Tension: 70 kN

Temperature: 380°C Tensie Tension: 70 kN

Temperature: 350°C Tensie Tension: 82 kN

Temperature: 400°C Tension: 58 kN

Temperature: 400°C Tensie Tension: 70 kN

Temperature: 400°C Tensile Tansion: 82 kN

nation of longitudinal residual stresses.
That’s why, at the minimum tension,
almost no redistribution of residual
stresses occur either in the central, or
in the near-surface layers irrespective of
the TMT temperature regime applied.
At the same time the tension of 70 kN
reached at the temperatures of 360—
380°C creates a borderline state in the
central wire, and reaching its triggers
an intensive redistribution process. In
terms of residual stresses and their elim-
ination after drawing, the most effective
modes include the tension of 82 kN at
any of the studied temperatures and the
tension of 70 kN at the temperature of
400 °C. In the above modes, the central
and surface residual stresses balance off
in the wire or almost disappear.

Fig. 6. Computer models of strands after various TMT modes (the stranding

result is retained after TMT)

while maintaining the depression on each group within
5 mm fora 12.5 mm strand.

TMT model

Fig. 5 shows a stress-strain state model of the strand
after TMT. Fig. 6 shows strand models following different
TMT modes enabling to analyze how much the geometry
of the strand gets corrupted after the load is released. As

Conclusion

Absolute residual stresses and their distribution in the
wire, which isused in 7-wire strands and produced by prior
drawing, determine the performance of the final product.
TMT, a process combining different physical effects, ena-
bles to control within a broad range the redistribution of
residual stresses in steel that was subjected to prior drawing
at high deformation ratios. Such residual stresses occur as
a result of stranding stresses that accompany the strand-
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Temperature: 360°C Tension: 58 kN Temperature: 380°C Tension: 58 kN

Temperature: 400°C Tension: 58 kN
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ing operation and can affect the geometry of the strand.
Drawing to 80% strain creates compressive residual stresses
of 1,100—1,200 MPa in the central layers of the wire, which
is comparable to 68% of the ultimate strength of the wire.
At the same time, the residual stresses at the surface of the
wire are in fact tension stresses equating to 450—500 MPa,
which corresponds to 25% of the ultimate strength of the
wire used for the strand in view. A combination of the
tension of 82 kN or 70 kN with the temperature range of
360—380 °C helps achieve a double reduction of residual
stresses both in the central and surface layers of the wire.
A complete elimination of residual stresses may become
achievable when raising the temperature to 400 °C while
maintaining the same tension. Application of a lower ten-
sion did not prove to influence in any way the distribution
of residual stresses. Stranding stresses, which, when high,
can change the lay pitch and affect the geometry of the
strand, can only be completely removed when the tension
of 82 kN or 70 kN is applied in the temperature range of
380—400 °C. In all the other cases stranding stresses lead
to loosening of the strand geometry.
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