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Abstract

:

Cold drawing is a commonly used technique for manufacturing the prestressing steel wires used as structural elements in prestressed concrete structures. As a result of this manufacturing process, a non-uniform plastic strain and residual stress states are generated in the wire. These stress and strain fields play a relevant role as the main cause of the in-service failure of prestressing steel wires in the presence of an aggressive environment, hydrogen embrittlement (HE). In this paper, hydrogen susceptibility to HE is compared in two different commercial cold-drawn wires with the same dimensions at the beginning and at the end of manufacturing that follow different straining paths. To achieve this goal, numerical simulation with the finite element (FE) method is carried out for two different industrial cold-drawing chains. Later, the HE susceptibility of both prestressing steel wires was estimated in terms of the hydrogen accumulation given by FE numerical simulations of hydrogen diffusion assisted by stress and strain states, considering the previously obtained residual stress and plastic strain fields generated after each wire-drawing process. According to the obtained results, the hardening history modifies the residual stress and strain states in the wires, affecting their behavior in hydrogen environments.
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1. Introduction


Prestressing steel is widely used in civil engineering as a constitutive component of prestressed concrete structures. The prestressing of the steel wires compensates the low tensile strength and prevents cracking of the concrete structures. Prestressing steel wires are manufactured by the cold drawing of a hot rolled bar. As a result of this conforming process, the strength of the wire is increased by a strain-hardening mechanism [1]. Cold drawing consists of forcing a hot-rolled bar to pass through a die, causing a reduction in the wire’s cross-section. This reduction causes a non-uniform plastic strain field and, as a consequence, residual stresses are generated in the material [2,3]. Commonly, in the cold-drawn industry, wire-drawing is divided into several steps (called multi-pass drawing), applying different wire diameter reductions [4,5,6,7,8,9]. Thus, the resulting manufacturing-induced residual stress and strain are different depending on the straining path applied in the drawing chain. The residual stress state generated after cold-drawing [3,5] play a key role in the fatigue and fracture behaviour of prestressing steel wires [10,11,12,13,14,15]. In this way, how to quantitatively estimate the residual stress and plastic strain fields after wire-drawing in a cold-drawn wire is of major relevance when assessing the structural integrity of these components. Thus, several studies are focused on an analysis of the residual stress state generated in a wire drawn during the material-conforming process using experimental techniques such as diffraction X-ray or neutron diffraction [16,17], or finite element (FE) numerical simulations [3,5,7].



FE simulations lead to a complete estimation of the residual stress and strains during the conformation process [5,18,19,20]. New cold-drawing chain designs are developed with the aim of reducing the manufacturing-induced residual stress state, most of them by modifying the die geometry [18,19,20,21,22,23,24,25]. In [5,26,27], multistep dies were analyzed, considering multiple reductions in the same die. Furthermore, a common technique for reducing the residual stress caused by cold-drawing is the so-called skin pass technique that consists of applying a soft reduction after the main reduction [28,29].



Hydrogen embrittlement (HE) is a fundamental mechanism of material degradation. This phenomenon appears due to the combined action of stress (caused by either mechanical loading or the existence of a residual stress state), a hydrogenating environment and a material susceptible to this phenomenon [30]. HE is the main cause of the in-service failure of prestressing steel wires [31,32,33,34,35] in the presence of an aggressive environment, causing damage at the micro-structural level. The HE is a complex process involving various stages, such as hydrogen diffusion from the wire surface towards prospective damage zones, the stage that governs HE. According to previous studies, hydrogen diffusion is heavily influenced by the stress and strain state [3,5]. In this way, a model for hydrogen diffusion assisted by stress and strain, developed in [36,37], is widely used to estimate the HE susceptibility of steels [3,5,18,19,29]. The results obtained from this analysis revealed hydrogen accumulation in the wire; hence, the prospective places where hydrogen microdamage, the so-called tearing topography surface (TTS), takes place can be located. Costa and Thompson first coined the term TTS [38,39], and later Toribio et al. analyzed the characteristics of the TTS [40], revealing that this microdamage zone is linked with HE in pearlitic steels [41,42].



In this paper, the influence of the straining history applied during cold drawing on the residual stress and plastic strain distributions in prestressing steel wires is analyzed. Thus, the fracture behaviour of these wires in a hydrogenating environment causing HE can be estimated. To achieve this goal, two different commercial (real) cold-drawn wires provided by a Spanish manufacturing company were selected. Both prestressing steel wires have the same dimensions at the beginning and at the end of the cold-drawing processes. However, the number of drawing steps and the wire diameter reduction applied at each drawing die are different for each of the cold-drawing chains. In this way, the initial hot-rolled bar underwent different straining paths (yielding history) for each of the selected cold-drawing processes. Two uncoupled numerical simulations obtained by FE were considered. Firstly, both wire-drawing processes were simulated using a commercial FE code to reveal the variables affecting hydrogen diffusion assisted by stress and strain fields, i.e., the hydrostatic stress and the equivalent plastic strain [36,37]. Finally, from these states, the distribution of hydrogen concentration is obtained from the numerical simulation of hydrogen diffusion assisted by stress and strains using a non-commercial FE code. Thus, the zones with the highest hydrogen accumulation are revealed and the potential places where hydrogen damage appears are located.




2. Materials and Methods


Numerical Modeling of the Wire-Drawing Process


Two different commercial wire-drawing processes (Figure 1) were considered in this study to reveal the influence of the straining path on the HE susceptibility of cold-drawn prestressing steel wires. Thus, both processes have the same dimensions at the beginning (d0 = 12 mm) and the end of the process (df = 7 mm). Considering uniformly distributed plastic strains and the constant volume hypothesis, the theory of plasticity leads to the following equation:


   ε i p  = 2 ln  (   d 0  /  d i   )  ,  



(1)




with di being the wire diameter corresponding to drawing step i.



According to this equation, the same cumulative plastic strain is obtained at the end of the process for both of the considered drawing chains. However, the straining history of both wires is different. For the sake of clarity, a scheme of the two drawing processes, A and B, is shown in Figure 1, including the wire diameter reductions and the cumulative plastic strain. On one hand, cold-drawn wire A is forced to pass through six dies with a huge diameter reduction at the first step of the drawing chain, whereas the diameter reduction during the following steps is progressively reduced, as can be observed in Figure 1a. On the other hand, cold-drawn wire B undergoes a slight diameter reduction at the beginning and a pronounced reduction at the end, with seven wire-drawing steps that are developed as follows: during steps 1–3, a constant diameter reduction is carried out (Figure 1b); the following diameter reductions are progressively lower, with the exception of the last step of the drawing chain, where a huge reduction is finally applied. For the sake of clarity, the drawing steps were denoted in this study as follows: firstly, a capital letter identifies the drawing process chain, A or B, and secondly, a number corresponds to the given drawing step; for instance, A3 means the third step of drawing chain A.



The raw material (hot-rolled bars) used in both processes is also quite similar, as can be observed in Table 1, where the chemical composition of the hot-rolled bars used in wire drawings A and B is shown. According to these values, the same alloy elements are used in both steels, with slight variations in percent by weight.



During drawing, a severe plastic strain is suffered by the wire due to the diameter reduction and, consequently, strain-hardening occurs in the material.



Considering the different strain histories of wires A and B, the hardening histories will be different as well. Thus, it is interesting to reveal the material properties and the evolution with drawing in both processes. To achieve this goal, a diverse conventional tension test up to fracture was carried out for each of the wires obtained at the end of the diverse drawing steps of both drawing processes. Samples of 300 mm length were tested for each drawing step (corresponding to wire-drawing processes A and B), applying a constant displacement rate of 2 mm/min with a universal test machine, MTS KN200 (MTS Inc., Eden Prairie, MN, USA) (Figure 2a). The sample displacements were measured with two MTS extensometers of 25 mm and 50 mm gauge lengths (MTS Inc., Eden Prairie, MN, USA). As a result of the tests, the experimental true stress vs. true strain curve was obtained (Figure 2b) and the mechanical properties of each cold-drawn wire were revealed. In this way, the Young modulus and the 0.2% offset yield strength of the wires obtained after each drawing step of both wire-drawing processes are included in Table 2. For the sake of clarity, in Figure 2b, only the master curves of the raw material (hot rolled bar) were shown. According to these values, a similar stiffness (Young modulus) and similar strength (0.2% offset yield strength) were obtained for both steels at the beginning of cold drawing (hot-rolled bar) and at the end (prestress steel wire).



From the experimental data obtained during testing, the evolution of the material hardening can be analyzed in terms of the material yield stress (σY) for both straining paths. For the sake of clarity, in Figure 3, the evolution of material yield strength (σY) with cumulative plastic strain is represented, together with the wire diameter reduction evolution for both cold-drawn wires.



As a result of the conformation process, the same increment in material strength was obtained in the prestressing steel wire due to strain-hardening, but in a different way depending on the strain history of the cold-drawn wire. Thus, on the one hand, the strength of wire type A is suddenly increased in the first step of wire-drawing, and later it is softly and linearly increased. On the other hand, wire B undergoes a soft reduction at first and, afterwards, the wire exhibits an almost linear strain-hardening up to the last step, where a heavy reduction is applied (generating a huge increment in the wire strength).



To reveal the stress and strain states after each step of the wire-drawing chains, a numerical simulation of both conforming processes was carried out using a commercial FE software (MSC. Marc 2022). Each die was modelled as a rigid body according to the requirements of such an element during drawing: no plastic strain and a low elastic strain [3]. Die geometry can be defined by two parameters: the half-angle of the die (α) and the bearing length (lz) [18]. In this paper, common values of such parameters when used in industry were considered, i.e., α = 7° and lz = d0 for all the drawing steps for dies using both drawing processes.



An axisymmetric case is suitable for simulations due to the revolute geometry of both the die and the wire [3]. The boundary conditions were applied as follows: (i) null displacement in the radial direction for the nodes placed at the wire symmetry axis due to the axisymmetric geometry, and (ii) a constantly increasing displacement applied to the nodes located at the front edge of the wire until reaching a value that places the wire completely out of the die. Drawing speed can be related to the slope of this linear variable displacement, so a commonly used drawing speed of 50 mm/s was considered in simulations. The FE analysis considered an elastoplastic constitutive model with large deformations and large strains with an updated lagrangian formulation for the steels. The von Mises yield surface, associated flow rule, and isotropic strain-hardening were included in simulations according to the master curve shown in Figure 2b. Different FE four-node quadrilateral meshes were analyzed to ensure an adequate mesh-convergence of the obtained results. Thus, a simple wire mesh was selected. The mesh was refined at a zone close to the point of contact between die and wire, with the size of the elements at the point of contact being lower than the size of elements placed at the wire core, where a coarser mesh is suitable.





3. Results


3.1. Residual Stress and Strain States


The numerical simulation of wire-drawing provides the stress and strain states after each step of the conforming process. To reveal the influence of the straining path on the HE of cold drawn wires, the analysis focused on the variables affecting hydrogen diffusion: the equivalent plastic strain (εP) and the hydrostatic stress (σ). In this way, Figure 4 shows the equivalent plastic strain fields for the equivalent cumulative strains reached during cold-drawing for A and B. Thus, for the wire-drawing process with fewer steps (wire-drawing A), the plastic strain distributions are more uniformly distributed in the radial direction for all drawing steps. However, the cold-drawing B exhibits a higher plastic strain near the wire surface (yellow zone in Figure 4) that appears even at the early stages of the process. Later, as the conforming process is developed, the cumulative plastic strain is increased.



For a deeper analysis, Figure 5 shows the radial distribution of the equivalent plastic strain for two intermediate wires (3rd step of wire A vs. 4th step of wire B, and 4th step of wire A vs. 6th step of wire B) and for the final commercial prestressing steel wires (6th step of wire A vs. 7th step of wire B), cf. Figure 1. Plastic strains produced in the wire during the conformation process originate a stress state in the wire due to strain compatibility, which also affects the mechanical behavior of the wire during its life in service. In a similar way, Figure 6 shows the axial stress and hydrostatic stress fields generated after the wire-drawing A and wire-drawing B.



According to these results, high stress of a tensile nature appears at the wire surface for both wire-drawing processes with compressive stress located at the wire core. In Figure 7, the radial distribution of the variable representing the stress state in the hydrogen diffusion model (the hydrostatic stress) and the radial distribution axial stress are shown for the final drawing step in both processes.




3.2. Hydrogen Distributions


HE phenomena can be analyzed in terms of hydrogen diffusion through a material lattice. According to the model described in [43,44,45], hydrogen diffuses from the wire surface exposed to a hydrogenating environment towards the wire core. Equation (2) shows the dependence of hydrogen diffusion on the stress and strain states, which can be represented by: (i) the inward gradient of hydrostatic stress and (ii) the inward gradient of strain-dependent hydrogen solubility, respectively. This equation is a modified Fick type law, where two additional terms are included [40]:


    ∂ C   ∂ t   = ∇ ⋅  [  D ∇ C − D C  (     V H    R T   ∇ σ +   ∇  K   S ε    (   ε ¯  P  )    K   S ε    (   ε ¯  P  )    )   ]  ,  



(2)




with R being the universal gases constant, VH the partial volume of hydrogen, T the absolute temperature and Ksε the hydrogen solubility, which is linea rly dependent on equivalent plastic strains according to Equation (3) [43]


Ksε = 1 + 4εp,



(3)







The steady-state solution of differential Equation (2) can be used to estimate the equilibrium concentration of hydrogen (Ceq). In this way, the long-time hydrogen accumulation in the metal can be obtained as follows:


   C  eq   =  C 0   K   S ε    (   ε ¯  P  ) exp  [     V H    R T   ∇ σ  ]  ,  



(4)




where C0 is the equilibrium hydrogen concentration for a material that is free of stress and strain.



According to Equation (2), hydrogen is diffused from the wire surface towards the inner zones of the material, with a lower hydrogen concentration (negative inward gradient of hydrogen concentration), higher hydrostatic stress (positive inward gradient of hydrostatic stress) and higher hydrogen solubility (positive inward gradient of hydrogen solubility); in other words, towards zones with higher equivalent plastic strains considering the linear relation shown in Equation (3).



According to the hydrostatic stress and equivalent plastic strain fields shown in Figure 4 and Figure 6, respectively, the main changes are observed in the radial direction of the wire, with only minor variations being observed in the axial direction. Consequently, the ∂/∂z derivatives are null, with z being the axial coordinate and, hence, the one-dimensional (1D) axisymmetric approach in the radial direction of the wire is suitable for a numerical simulation of the hydrogen diffusion in these wires. In this way, a general mathematical software was used to implement an FE numerical simulation of the axisymmetric boundary-value problem of diffusion assisted by stress and strain (Equation (2)). According to the Galerkin method, the element shape functions Ne(r) were used as trial and weighting functions [46]. In a similar way, the fields of hydrostatic stress σ(r) and equivalent plastic strain εP(r) were approximated with the shape functions as follows:


   σ ( r ) =  ∑   σ j   N j  ( r )     ,  ε P  ( r ) =  ∑   ε  P j    N j  ( r )   ,   



(5)




where j = 1, …, M corresponds to the number of nodes in the FE mesh, with M being the total number of nodes.



Considering the weak form of the weighted residual problem, a system of ordinary differential equations is obtained in terms of the hydrogen concentration Cj(t) at the FE mesh nodes as functions of time, as follows:


   [   M  i j    ]   {    d  C j    d t    }  +  [   K  i j    ]   {   C j   }  =  {   F i   }    ( i , j = 1 ,   … ,   M ) ,  



(6)




where the components of the element matrices […] and the vector-columns {…} are


   M  i j   =    ∫ V    N i   N j  d V    ,  



(7)






   K  i j   =    ∫    D  (   ε P   )   {  ∇  N i  ∇  N j  −  [   (     V H    R T   ∇ σ +   ∇  K  S ε    (   ε P   )     K  S ε    (   ε P   )     )  ⋅ ∇  N i   ]   N j   }  d V    ,  



(8)






   F i  = −  J s     ∫   S f      N i  d S    ,  



(9)




considering the boundary condition of hydrogen flux JS at the zone of the surface Sf.



The system of first-order differential Equation (6) is solved by applying the time-marching numerical scheme proposed for diffusion-type equations [46]. In this way, for a given m-th time interval [tm−1, tm], the nodal concentration values at the end of the time interval Cm can be related to the concentration at the initial time interval Cm−1, as follows:


   (   C m  −  C  m − 1    )   (   M  + θ   Δ t    K   )  / Δ t +  K   C  m − 1   =  F   



(10)




where Δt = tm − tm–1, and θ is a parameter that assures the stability of this time-marching scheme. The initial conditions are applied as the values of nodal concentration C0 at the first time interval (at m = 1). Later, the nodal concentration values for the following time interval Cm are obtained by solving the following equation in matrix form.


   C m  =  C  m − 1   +    (   M  + θ   Δ t    K   )    − 1    (   F  −  K   C  m − 1    )  Δ t  



(11)







For the sake of simplicity, the same mesh that was previously considered in the mechanical simulation of the wire drawing was used for the FE numerical simulation of the hydrogen diffusion, assisted by the stress and strain process considering linear trial functions for both space and time variables. In FE simulations, the following parameters were considered: temperature, T = 298 K; partial molar volume of hydrogen, VH = 2 cm3/mol [47].



Hydrogen diffusivity D is influenced by variations in chemical composition, microstructure and cumulative plastic strain. Thus, low values of diffusivity (D = 10–12 m2/s, [30]) are obtained at room temperature for heavily drawn wires with a high density of microstructural defects. In this way, for a hot-rolled bar, the hydrogen diffusivity is estimated as D(0) = 6.6 × 10−11 m2/s [48] and, for a prestressing steel wire, it is estimated as D(6) = 4.99 × 10−12 m2/s [30]. The numerical simulation of hydrogen diffusion assisted by stress and strain allows for one to obtain the hydrogen distributions for a long exposure time (Figure 8).





4. Discussion


4.1. Residual Stress and Strain States


While drawing, a huge stress concentration appears in the vicinity of the wire surface, causing plasticity and wire diameter reductions [3]. Thus, a non-uniform plastic strain distribution is produced in the wire at the end of each drawing step (Figure 5). The maximum plastic strain is placed near the wire surface within a heavily strained zone. This local effect vanishes for deeper points placed far from the wire skin. Thus, at the wire core, the plastic strains are similar to the values of the uniformly distributed plastic strain given by the theory of plasticity (Equation (1)).



Therefore, the main changes in plastic strain distribution are only expected to occur near to the wire surface. It should be noted that plastic strain leads to an increment in the material strength due to strain-hardening. Thus, taking this phenomenon into account, the surroundings of the wire surface, where cracks nucleate, will exhibit a higher strength or, in other words, a greater opposition to damage related to fatigue than the inner points of the wire. Nevertheless, at the microstructural level, the zone of high plastic strain is, in fact, a damage process zone with a high density of hydrogen traps where hydrogen is accumulated, causing microstructural fracture when the critical concentration of hydrogen is reached. Then, during fatigue loading, crack growth is produced due to the hydrogen damage that occurs in the plastic-strained process zone, as stated in previous works [49]. Thus, taking this into account, a wire-drawing process that produces a lower and more uniform strain state is adequate from the perspective of structural integrity, since this typ eof wire will reduce microstructural damage and, consequently, reduce the number of locations (hydrogen traps) at which hydrogen damage could take place.



As Figure 5 shows, the straining path modifies the radial distribution of plastic strain in the cold-drawn wires. Thus, wire B, which undergoes more drawing steps for a given wire diameter reduction, exhibits a higher and less uniform distribution of plastic strain than cold-drawn wire A. These differences, observed in the early steps of drawing, increase with the number of drawing steps.



Thus, the maximum plastic strain that is found at the end of the drawing process is increased by about 10% in the case of wire B compared to wire A. The inward gradient of the plastic strain influences the main stage of HE: hydrogen diffusion. Therefore, according to the results given in Figure 5, this parameter is progressively increased with drawing. In addition, the straining path clearly modifies the inward gradient of the plastic strain, since this parameter is two times greater in the final step of commercial wire B (B7) than it is in final wire A (A6). Thus, the way to obtain a more uniform plastic strain distribution is by considering a drawing chain with progressively decreasing wire diameter reductions to obtain the final required wire dimensions.



Figure 7 shows that the radial distribution of hydrostatic stress is clearly different depending on the straining path applied to the wire during the manufacturing process. In both cases, a tensile stress state appears in the vicinity of the wire skin (2.5 mm < r < 3.5 mm), whereas compressive stresses are placed at the inner points (r < 2.5 mm). At the tensile zone, the cold-drawn wire that undergoes a huge final reduction (wire B) has a lower stress state than wire A. Thus, at the wire surface, the hydrostatic stress of wire A is 60% higher than that in wire B. In addition, the distribution obtained in wire A progressively decreases with radial coordinate r, whereas the stress distribution of wire B has a more complex form, with a plateau in the compressive stress zone. This plateau originates from the huge reduction applied at the final step of the wire-drawing process, thereby causing a redistribution of the residual stress state.



Another interesting parameter for the analysis of hydrogen diffusion is the inward gradient of hydrostatic stress (Figure 7). Thus, the inward gradient of hydrostatic stress is positive for wire A, whereas the inward gradient of wire B is negative. These changes influence the behavior against the HE of the wires. In this way, the strain history modifies not only the plastic strain distribution but also the residual stress state at the end of the process.




4.2. Hydrogen Distributions


With regard to hydrogen distribution in wires A and B (Figure 8), the shapes of the radial distributions are similar to the hydrostatic stress distributions shown in Figure 7. In fact, the hydrogen distributions for both prestressing steel wires are similar, due to the actions of two competitive factors that take place during hydrogen diffusion. On the one hand, one of the driving forces for hydrogen diffusion is the inward gradient of equivalent plastic strain, which is lower in cold-drawn wire A than in wire B; consequently, hydrogen diffusion is enhanced for wire B. The other driving force for hydrogen diffusion, the inward gradient of hydrostatic stress, is negative in the case of wire A, which means that the diffusion process is slowed down. However, in the case of wire B, this driving force is positive within the range of 3.3 mm < r < 3.5 mm, showing again that hydrogen diffusion is enhanced for wire B. At the wire surface, the maximum potentially diffusible amount of hydrogen, obtained from the steady-state solution (Equation (4)), is lower in wire B than in wire A due to the lower hydrostatic stress state caused by the final reduction applied in wire B.



Therefore, according to this, during exposure to the hydrogenating environment, hydrogen will diffuse faster from the wire surface to the inner points in cold-drawn wire B than in cold-drawn wire A. Thus, more severe hydrogen damage could be expected in wire B. However, considering the steady state, i.e., for long periods of exposure to the aggressive environment, a reduction in the hydrogen content at the surface in wire B is achieved due to the lower stress that occurs in the zone near the wire surface (Figure 7).



Regarding the hydrogen concentration found during long exposure times, the comparison between both wires (A and B) shown in Figure 8 reveals that the most relevant difference regarding hydrogen concentration occurs near the wire skin, specifically at the surface (r = 3.5 mm), where the hydrogen concentration for wire A is 15% higher than for wire B. According to [30], microstructural damage appears close to the wire skin (x = 0.45 mm) in cold-drawn pearlitic steel wires, such as those analyzed in this paper.



Therefore, although the hydrogen concentration is slightly higher in the inner points placed within the range 1 mm < r < 2.5 mm (less important from the HE point of view) for wire B, in the most important surface areas, the hydrogen concentration is clearly higher in the case of wire A. Therefore, hydrogen damage could be considered less likely to occur in wire B.





5. Conclusions


The straining path applied during wire-drawing modifies both the plastic strains and the stress states of the wire. Such changes modify two of the driving forces for hydrogen diffusion: (i) the inward gradient of the strain-affected hydrogen solubility (∇Ksε), which linearly depends on equivalent plastic strain, and (ii) the inward gradient of hydrostatic stress (∇σ). In this way, a straining path where the wire diameter reductions are progressively decreasing with drawing (wire A) produces more uniform radial distributions of the plastic strains, and lower distributions than those obtained with a straining path, where a huge final wire diameter reduction is carried out (wire B). Therefore, one of the driving forces for hydrogen diffusion (∇Ksε) is lower in wire type A. In addition, in this type of wire, the other driving force (∇σ) is negative and, consequently, the hydrogen diffusion is slowed down and the hydrogen damage will develop with an increase in exposure to a hydrogenating environment.



However, for long periods of exposure to hydrogenating environments (steady-state situation), cold-drawn wires with a large final diameter reduction (steel B) exhibit a clear decrease in the hydrogen concentration at the surface (the most important zone from the fracture mechanics perspective), which is caused by a redistribution of the hydrostatic stress produced at the final stage of the process. In this way, the hydrogen supply to the inner points is reduced, and thus the risk of catastrophic failure under hydrogen embrittlement environmental conditions is lower.
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Figure 1. Schemes of the considered wire-drawing processes: (a) cold-drawn wire A and (b) cold-drawn wire B including the wire diameter, di, and the plastic strain, εpi. 
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Figure 2. Conventional tension test: (a) experimental set-up and (b) constitutive law (equivalent stress, σeq, and equivalent strain, εeq, curve) of both pearlitic steels, obtained experimentally from simple tensile tests. 
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Figure 3. Variation in the material yield strength (σY) and wire diameter reduction (Δd/d) during wire-drawing of both materials. Data obtained experimentally from conventional tensile tests. 
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Figure 4. Equivalent plastic strain fields during cold-drawing A: (a) after 3 steps, (b) after 4 steps, (c) at the final step, and during cold-drawing B: (d) after 4 steps, (e) after 6 steps, (f) at final step. 
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Figure 5. Equivalent plastic strain, εp, distribution for wires A and B for similar wire reductions. 
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Figure 6. Stress fields after drawing: (a) axial stress after cold-drawing A, (b) hydrostatic stress after cold-drawing A, (c) axial stress after cold-drawing B, (d) hydrostatic stress after cold-drawing B. 
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Figure 7. Radial distribution of (a) hydrostatic stress σ and (b) axial stress σz at the final step of cold-drawing wire A (A6) and wire B (B7). 






Figure 7. Radial distribution of (a) hydrostatic stress σ and (b) axial stress σz at the final step of cold-drawing wire A (A6) and wire B (B7).



[image: Metals 13 01321 g007]







[image: Metals 13 01321 g008 550] 





Figure 8. Radial distribution of dimensionless hydrogen concentration (C/C0) at the final step of cold-drawing wires A and B for a long period (t→∞) of exposure to the hydrogenating environment. 
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Table 1. Chemical composition of the analyzed hot-rolled bars.
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	% C
	% Mn
	% Cr
	% Si
	% V
	% P
	% S
	% Al





	Steel A
	0.800
	0.690
	0.265
	0.230
	0.060
	0.012
	0.009
	0.004



	Steel B
	0.789
	0.698
	0.271
	0.226
	0.078
	0.011
	0.005
	0.003
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Table 2. Mechanical properties of the analyzed cold-drawn steels.
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Wire-Drawing A

	
Wire-Drawing B




	

	
E (GPa)

	
σY (MPa)

	
E (GPa)

	
σY (MPa)






	
Initial

	
194

	
720

	
202

	
720




	
Step 1

	
201

	
1110

	
204

	
840




	
Step 2

	
187

	
1120

	
204

	
880




	
Step 3

	
190

	
1118

	
203

	
950




	
Step 4

	
190

	
1260

	
203

	
1010




	
Step 5

	
295

	
1330

	
201

	
1090




	
Step 6

	
207

	
1570

	
201

	
1120




	
Step 7

	
-

	
-

	
205

	
1580
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