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Introduction

Cold drawing pearlitic steel wires of eutectoid or hyper-eutectoid compositions have been studied extensively as a topic of considerable amounts of scientific researches over the past several decades because of their unique combination of very high strength, torsional and bending strength, reasonable ductility and acceptable level of toughness aside from the other inherent specific material properties such as corrosion resistance, weldability, and machinability [START_REF] Elwazri | The effect of microstructural characteristics of pearlite on the mechanical properties of hypereutectoid steel[END_REF][START_REF] Guo | Microstructure and texture evolution in fully pearlitic steel during wire drawing[END_REF][START_REF] Borchers | Cold-drawn pearlitic steel wires[END_REF][START_REF] Languillaume | Cementite Dissolution in Heavily Cold Drawn[END_REF][START_REF] Modi | Effect of interlamellar spacing on the mechanical properties of 065% C steel[END_REF][START_REF] Xiang | Chloride-induced corrosion behavior of cold-drawn pearlitic steel wires[END_REF]. They are largely used for many reliability-critical applications including strands, suspension bridge cables, civil engineering and construction, automotive tyre cord, engineering springs, railroad rails, and many other industries [START_REF] Guo | Microstructure and texture evolution in fully pearlitic steel during wire drawing[END_REF][START_REF] Zhou | Effects of Chromium Additions upon Microstructure and Mechanical Properties of Cold Drawn Pearlitic Steel Wires[END_REF][START_REF] Fang | Microstructure and mechanical properties of cold-drawn pearlitic wires affect by inherited texture[END_REF][START_REF] Sahay | Pearlitic Steels: Wire Drawing[END_REF][START_REF] Schmitt | Micromechanical modelling of the elastoplastic behavior of polycrystals containing precipitates -Application to hypo-and hyper-eutectoid steels[END_REF][START_REF] Goto | Application of cold drawn lamellar microstructure for developing ultra-high strength wires[END_REF].

The drawn wires are typically produced by wire drawing technique, which is one of the most frequently applied techniques in the wire manufacturing industry. This process is one of the oldest metal forming processes [START_REF] Fang | Microstructure and mechanical properties of cold-drawn pearlitic wires affect by inherited texture[END_REF][START_REF] Zidani | Deformation textures in wire drawn perlitic steel[END_REF], During the wire drawing operation, the steel wires are cold drawn for cross-sectional reduction by passing through multiple stages of dies [START_REF] Sahay | Pearlitic Steels: Wire Drawing[END_REF][START_REF] Singh | Development of a virtual wire drawing tool for process analysis and optimization[END_REF][START_REF] Zidani | Study of the relation between microstructure and properties (mechanical/electrical) of copper wire drawing and annealed[END_REF]. wire drawing improves the mechanical properties of the wires. This has been attributed on the one hand, to the development of dislocation density, the re-orientation of cementite lamellae into the drawing direction. On the other hand, the reduction of interlamellar spacing and the refinement of grains size.

The strength of the steel wires also increased during wire drawing. Embry and fisher. [START_REF] Embrury | The structure and properties of drawn pearlite[END_REF] proposed that strengthening of wires followed the Hall-Petch relationship which suggests that the strength can be increased by reducing lamellar spacing and by increasing strain [START_REF] Yang | Nanostructure and torsional ductility of heavily cold drawn steel wires[END_REF]. Recently, it has been found that the tensile strength of heavily cold drawn pearlitic wires can be reached by 7 GPa at higher deformation [START_REF] Borchers | Cold-drawn pearlitic steel wires[END_REF][START_REF] Wei | Microstructure and mechanical properties of heavily cold drawn pearlitic steel wires: Effects of low temperature annealing[END_REF][START_REF] Guelton | Microstructure -Property Relationship in Cold-Drawn Pearlitic Steel Wires[END_REF]. Also, numerous investigations [START_REF] Guo | Microstructure and texture evolution in fully pearlitic steel during wire drawing[END_REF][START_REF] Fang | Microstructure and mechanical properties of cold-drawn pearlitic wires affect by inherited texture[END_REF][START_REF] Zidani | Deformation textures in wire drawn perlitic steel[END_REF][START_REF] Embrury | The structure and properties of drawn pearlite[END_REF][START_REF] Kumar | Progressive Changes in the Microstructure and Texture in Pearlitic Steel during Wire Drawing[END_REF][START_REF] Nebbar | Microstructural Evolutions and Mechanical Properties of Drawn Medium Carbon Steel Wire[END_REF][START_REF] Zelin | Microstructure evolution in pearlitic steels during wire drawing[END_REF] have reported that the cold drawing pearlitic wires acquires a textured fibrous microstructure, especially the majority fiber texture <110> in the ferrite phase. As drawing proceeds, this fiber developed and become intensified at higher deformation [START_REF] Embrury | The structure and properties of drawn pearlite[END_REF].

In this work, we investigated the mechanical behavior and texture evolution of cold-drawn pearlitic steel wires produced for strand manufacturing, which were drawn from medium strain to high strain. Also, the correlation between microstructure and mechanical properties of the pearlitic steel wires during wire drawing is discussed.

Experiments

Material and Methods

The present work was carried out on hyper-eutectoid steel wire intended for the manufacturing of strands received by Trefisoud company (The National Company of Wire Drawing and Manufacture of Welding Products, Algeria). This material was commercially produced fully pearlitic steel in the as-rolled condition and was selected as the reference material (wire rod) in the present investigation. The detailed chemical composition of the steel (in weight %) is given in Table1.

The initial perform for wire drawing was in the form of a circular rod of diameter (11.00 mm). This rod was cold drawn to the final wire by eight paths through several dies at room temperature under the dry condition with an average area reduction of 20% in each pass machine. This process resulted in wire with a final diameter of (4.03 mm). During each stage the true strain is calculating by equation (1) :

ε = 2 ln(𝑑 0 /d) (1) 
Where 𝐝 𝟎 is the initial diameter, and d the diameter of the wire after successive drawing.

For this investigation, a various of drawn wires specimens were chosen, but results of only 2 strain levels are presented for the current study, (i.e. ε =1.16 medium strain and ε =2.01 high strain). The parameters characterizing the deformation of specimens are given in Table2. 
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Table2. Information about specimens investigated in this study, wire diameter 𝐝 𝐢 , strain level ε (Di), drawing strain (.
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The Microstructure features of specimens were examined along the longitudinal wire section after conventional mechanical polishing with SiC papers from 120# to 4000# grit and final thinning was carried out by the use of a tissue paper with the addition of diamond paste. This mechanical polishing followed by etching using a 4% Picral solution (4g picric acid and 96% ethanol). The microstructures were observed through a (VEGA3 TESCAN) scanning electron microscope (SEM) coupled with modern electron optics based on a unique four-lens wide field optics™ design with a proprietary intermediate lens. The accelerating voltage was 20 kV. Microhardness measurements were performed on the longitudinal wire section using Vickers microhardness tester with an applied load of (500g). Tensile tests of specimens were performed at room temperature using a universal material testing machine at Trefisoud company. Tensile strength (TS), yield strength (0.2% proof stress) and elongation were directly determined from their true stress-strain curves. The same specimens were analyzed by SEM-EBSD on a Zeiss 940 SEM with a tungsten filament equipped with an OIM™ camera (Orientation Imaging Microscopy) software. This analysis was performed in the standard manner.

Results and Discussion

Microstructure Evolution

Figures 1(a-b) show the micrographs obtained from the longitudinal section of the wires at different levels of wire drawing. The microstructure of the initial wire (wire rod) is composed of fully pearlitic colonies with different sizes of grains (fig. 1a). Also, the cementite lamellae in pearlitic colonies are randomly oriented and do not have a strong tendency, on the contrary it takes various ways. Zidani et al. [START_REF] Zidani | Deformation textures in wire drawn perlitic steel[END_REF] have noted that this random orientation of the cementite lamellae leads to a heterogeneous microstructure in the section of wires [START_REF] Zidani | Deformation textures in wire drawn perlitic steel[END_REF][START_REF] Kumar | Progressive Changes in the Microstructure and Texture in Pearlitic Steel during Wire Drawing[END_REF][START_REF] Nebbar | Microstructural Evolutions and Mechanical Properties of Drawn Medium Carbon Steel Wire[END_REF].

During cold drawing, the pearlite colonies without a clear preference stretched and aligned along the drawing axis, this elongation is more clear when the strain level increases (fig. 1b), Zhang et al. [START_REF] Zhang | Microstructure and strengthening mechanisms in cold-drawn pearlitic steel wire[END_REF] and He et al. [START_REF] He | Effect of microstructure evolution on anisotropic fracture behaviors of cold drawing pearlitic steels[END_REF] have observed that during wire drawing the cementite lamellae are rotated toward the drawing axis and the thickness of lamellae further decreases when strain level increases, this phenomenon leads to somewhat fibrous structure [START_REF] Fang | Microstructure and mechanical properties of cold-drawn pearlitic wires affect by inherited texture[END_REF][START_REF] Kumar | Progressive Changes in the Microstructure and Texture in Pearlitic Steel during Wire Drawing[END_REF][START_REF] Yang | Nanostructure and mechanical properties of heavily colddrawn steel wires[END_REF]. Moreover, the wire drawing had a strong influence on the interlamellar spacing. As drawing strain increased the interlamellar spacing of cementite decreased and this is clear in the wire deformed to the higher strain level (ε = 2.01). Embury and Fisher. [START_REF] Embrury | The structure and properties of drawn pearlite[END_REF] have already confirmed this study with a simple relationship between lamellae width and true strain [START_REF] Borchers | Cold-drawn pearlitic steel wires[END_REF]:

𝑟 ε = 𝑟 0 exp(-ε 2 ⁄ ) (2) 
This relationship has a simple read which was the interlamellar spacing is reduced proportionally to the wire diameter during the wire drawing process.

The grains size evolution of the drawing wires is illustrated in Fig. 2b-c, the microstructure is taken by the EBSD technique. The EBSD data were then treated with the OIM Analysis software, developed by the EDAX company. The cleanup procedure used to analyze the data was a Grain Dilation (one iteration, minimum grain size = 5, grain tolerance angle = 5) followed by a Grain CI Standardisation (same parameters). Also, only the points with a confidence index higher than 0.05 were taken into account [START_REF] Hary | Investigation of the relationships between mechanical properties and microstructure in a Fe-9 % Cr ODS steel[END_REF]. Figure 2b shows the grain color map of the wire rod (ε = 0.00), in this Map all of the grains have a random distribution and the grains have different size with different diameter, on the other hand, Figure 2c shows the grain color map of the deformed wire (ε = 2.01). It can be seen clearly that after wire drawing there is a redistribution of grains along the wire drawing direction and the size of the grains is refined and became smaller.

Figure 2a presents the curve of grain size (diameter) in area fraction. The results of the curve reinforce the previous observation (Fig. 2b-c). Whereas, it can be seen that for the starting material 10 to 11% of area fraction of grains has a diameter varying between 16.19 and 20.06m. While 11 to 13% of area fraction of grains has only a diameter varying between 3.27 and 5.08m for the final drawing wire. Finally, we can say that the increase of the wire drawing is accompanied certainly with the reduction of the grain size.

Mechanical Properties

To investigate the influence of the wire drawing process on the mechanical properties of the pearlitic steel wires we established a tensile test at room temperature for the specimens at a different stage of wire drawing (fig. 3). Thus, a microhardness measurement of the specimens was performed. The detailed results are listed in table 3. 

Pearlite colonies

Figure 3 shows the tensile test curve of the wire rod as well as the drawing wires. It is observed that the tensile strength increases with the increase of strain level. The tensile strength of the wire rod ( ε = 0.00) was measured and found it be around 1242 MPa. This tensile strength is increased largely and reached 2618 MPa at higher strain (ε = 2.01). Indeed, the ductility is reduced with the increase of the wire drawing. It can be seen that there is almost no plastic deformation at the final wire. It is well known that work hardening rate is dependent on tensile strength and deformation, and this leads certainly to the rising of work hardening rate as a function of drawing strain [START_REF] Yang | Nanostructure and torsional ductility of heavily cold drawn steel wires[END_REF][START_REF] Djimaoui | Study of microstructural and mechanical behavior of mild steel wires cold drawn at TREFISOUD[END_REF][START_REF] Yamasaki | The microstructure and mechanical properties of drawn and aged pearlitic steel wires[END_REF].

Microhardness, tensile strength and 0.2% yield strength of the steel specimens are plotted as a function of the strain levels in fig. 4. As pointed out by Goto et al. [START_REF] Goto | Application of cold drawn lamellar microstructure for developing ultra-high strength wires[END_REF] and Langford. [START_REF] Langford | Deformation of pearlite[END_REF] in their studies the values of mechanical properties rise exponentially with the increase of strain level. However, as drawing wire increases the elongation decreases and recorded very low values especially in the final wire as shown in fig. 5. Furthermore, the curve of microhardness as a function of strain level (fig. 4) shows that the wire drawing affects the microhardness. It can be seen that the microhardness increases progressively with strain level. This was attributed on the one hand to the dislocation storage and the development of dislocation density, the re-orientation of cementite lamellae into the drawing direction and the reduction of interlamellar spacing. On the other hand to the refinement of grains size as is demonstrated previously in grain size curve in fig. 2a [START_REF] Fang | Microstructure and mechanical properties of cold-drawn pearlitic wires affect by inherited texture[END_REF][START_REF] Sahay | Pearlitic Steels: Wire Drawing[END_REF][START_REF] Zhang | Microstructure and strengthening mechanisms in cold-drawn pearlitic steel wire[END_REF]. Fig. 3 stress-strain curves of the drawn pearlitic wires at a different strain.

Strain level ε

Table3. Mechanical properties of the drawing wires with a different stage of strain level (Di), drawing strain (.
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Texture Evolution

Figure 6 shows Major axis inverse pole figure EBSD coloring maps of the drawn steel wires. These coloring maps allowed us to display the texture evolution of wires under wire drawing. It can be seen that the rod state wire had almost equiaxed grains and random textures (Fig. 6a) leading to isotropic structure. As the drawing progresses, a <110> fiber texture of the ferrite phase begins to develop gradually with deformation in the drawing direction as shown in fig. 6b-c. This takes the structure of the wire to change from isotropic to anisotropic. Numerous studies [START_REF] Zidani | Deformation textures in wire drawn perlitic steel[END_REF][START_REF] Kumar | Progressive Changes in the Microstructure and Texture in Pearlitic Steel during Wire Drawing[END_REF][START_REF] Nebbar | Microstructural Evolutions and Mechanical Properties of Drawn Medium Carbon Steel Wire[END_REF][START_REF] Zelin | Microstructure evolution in pearlitic steels during wire drawing[END_REF][START_REF] Djimaoui | Study of microstructural and mechanical behavior of mild steel wires cold drawn at TREFISOUD[END_REF][START_REF] Zidani | Mechanical behavior and texture evolution study of medium carbon steel wires during industrial wire-drawing process[END_REF] have observed the same texture. For example, Guo et al. [START_REF] Guo | Microstructure and texture evolution in fully pearlitic steel during wire drawing[END_REF] in their study have investigated the texture evolution of drawn pearlitic steel wires in three regions including the middle, center, and surface of the wire. their results indicate the development of <110> fiber texture of ferrite phase in all of those different regions.

The texture evolution in the ferrite phase of the drawn pearlitic wires with different levels of strain was presented in terms of {110} inverse pole figure. Thus, the intensity of <110> fiber texture of the wire rod and the drawn wires was quantified and presented in fig. 7. It can be seen that for the first case when the strain level ε = 1.16, the max of the intensity of <110> fiber texture increased rapidly and passed from 2.49 to 8.27. This intensity of <110> fiber texture increased more to reach 12.62 at higher deformation when ε = 2.01 and became saturated. The same results were reported by Nebbar et al. [START_REF] Nebbar | Microstructural Evolutions and Mechanical Properties of Drawn Medium Carbon Steel Wire[END_REF] for drawn medium carbon steel wires but in their investigation the intensity of <110> fiber texture increased and reached a value of 5.2 and 6.6 for 43.6% and 60% deformation levels, respectively. Compared to our study, the intensity of <110> fiber texture was very remarkable for the same level of deformation.

Conclusion

Texture evolution and mechanical properties of cold drawn pearlitic steel wires are investigated in this paper. Based on the results, it can be concluded that :

-The results show that the wire rod had almost random textures resulting in isotropic structure.

As the drawing proceeds, a strong <110> // ND fiber texture of ferrite phase forms and begins to develop gradually with deformation leading to a transformation of structure from isotropic to anisotropic. In addition, the quantitative analysis confirmed the results of micro-textures and shows that the maximum intensity of <110> fibre texture increased more to reach 12.62 at higher deformation and became saturated.

-Experiences on drawn steel wires have shown that the wire drawing has a strong influence on these wires where tensile strength and 0,2% yield strength increased substantially with the strain level. While that reduced the elongation.

-Wire drawing induces the increase of dislocation density, reduction of interlamellar spacing and the refinement of grains size which leads to a strong hardening of the wires. 
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 12 Fig. 1 SEM micrographs of a longitudinal section of cold drawing steel specimens at different strain levels: a) ε = 0.00 (wire rod) b) ε = 2.01
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 4 Fig. 4 Mechanical properties evolution as a function of drawing strain.
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 5 Fig. 5 Elongation evolution of the drawn pearlitic wires during drawing.
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 67 Fig. 6 Major axis inverse pole figure EBSD maps and IPF color-coded maps of the cold drawing pearlitic steel wires at different strain levels: a) ε = 0.00 wire rod b) ε = 1.16 c) ε = 2.01

  Chemical composition of high-carbon steel wire rod used in this work.

	Table1.										
	Composition	C	Mn	Si	P	Cr	Ni	S	V	Cu	Mo	Co
	Wt%	0.89 0.63 0.32 0.013 0.31 0.024 0.012 0.004 0.011 0.002 0.006
			Specimens		𝐝 𝐢 [mm]		Strain level ε		
			Wire rod		11			0.00			
			Wire draw 1		6.15			1.16			
			Wire draw 2		4.03			2.01			

Acknowledgments

This work is supported by the Algerian Ministry of Higher Education and Scientific Research and included as a part of PRFU project. The authors are very grateful to Trefesoud company (The National Company of Wire Drawing and Manufacture of Welding Products, Algeria) for supplying steel wires used in this investigation.

The authors would like also to acknowledge the technical team of exploitation division of Trefesoud company and the Thin Films and Applications Physics Laboratory (LPCMA) for their assistance and their contribution to conducting some of the experiments.