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Abstract: Fine grain layers that generate near frictional interfaces in metal forming processes affect
the quality of products. The present paper aims to contribute to the continuum-mechanics-based
phenomenological approach for predicting such layers’ properties. In particular, it studies the
generation of fine grain layers in the process of multipass drawing of thin high carbon steel wires
experimentally. The wires are drawn in three passes under different friction conditions. All three
dies in each multipass process have the same semiangle. In total, two die semiangles are used,
4◦ and 5◦. The effects of such processing conditions as the die semiangle, the number of passes, and the
friction conditions on the thickness of fine grain layers are observed and discussed. The criterion for
determining this thickness is based on the coefficient of anisotropy. Under soft friction conditions, the
fine grain layer’s thickness decrease occurs during the consequential passes independently of the
die semiangle. On the other hand, in the case of hard friction conditions, the thickness may or may
not be a monotonic function of the number of passes, and its general qualitative behavior depends on
the die semiangle.
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1. Introduction

Many metal forming and machining processes generate a thin fine grain layer in the vicinity
of frictional interfaces, for example [1,2]. This layer affects various properties of the products of
these processes [3–7]. Therefore, it is crucial to develop an approach for designing metal forming
and machining processes driven by the properties of the surface layer. To this end, it is necessary to
determine the influence of the process parameters on parameters that characterize the properties of the
surface layer.

Among metal forming processes, the generation of fine grain layers is most often studied in
drawing and extrusion processes [4,6,8–10]. The thickness of this layer after the drawing process has
been determined in [10,11]. Other issues related to the quality of the product after such processes have
been investigated in [12–17], among many others.
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The processes mentioned above are one-pass processes. Multipass drawing and extruding
processes provide more possibilities for controlling the product’s properties. The stress−strain
properties of tough-pitch copper after multipass drawing and extruding have been studied in [18].
A design method for multipass drawing driven by the void index has been proposed in [19]. A process
design system for the same process has been developed in [20]. This system can be installed in
AutoCAD for calculating many process parameters.

The influence of the number of passes after multipass drawing on such material properties as
tensile strength, yield strength, and percentage elongation has been revealed in [21,22]. The dependence
of the axial surface residual stress on the number of passes in carbon steel wires during multipass
drawing has been found in [23]. It is worthy of note that this paper emphasizes a high gradient of
temperature in the vicinity of the friction surface. It is known that the temperature is one of the main
contributory mechanisms responsible for the generation of fine grain layers [1]. In [24], the effects of the
number of passes and heat treatment on the microstructure and texture of the drawn Ti-6Al-4V alloy
bars have been demonstrated. The process of multipass drawing of microfibers has been studied in [25].
The diameters of these fibers are several tens of micrometers. The difference in the microtexture and
microstructure between the core and periphery regions of the fiber has been found. The generation of
microstructure, texture, and mechanical properties of VN3-1 alloy in the combined process of multipass
drawing followed by isothermal annealing has been investigated in [26].

The present paper mainly focuses on the effect of the number of passes in the process of multipass
drawing of thin high carbon steel wires on the generation of a fine grain layer in the vicinity of the friction
surface. It extends the results reported in [10], where the one-pass drawing process has been considered.
A distinguishing feature of the process studied is that the ratio of the thickness of fine grain layers to
the radius of the wires is relatively large as compared to other drawing/extrusion processes used for
studying the generation of fine grain layers, for example, Refs. [8,9]. Therefore, the layer may affect the
final product’s local surface properties and its overall behavior under service conditions. The primary
objective of this research is to find a correlation between the thickness of the fine grain layer and the
process parameters. The coefficient of anisotropy is used for formulating a quantitative criterion that
determines the thickness of the layer [10,27]. Another criterion based on metallographic observations
has been proposed in [28]. The overall goal of this research is to incorporate experimental data in the
approach for predicting the evolution of fine grain layers proposed in [29].

2. Material, Process and Methods

A high carbon steel wire of diameter 1.6 mm was reduced to a wire of diameter 1.15 mm by the
process of multipass drawing through three conical dies. The nominal chemical composition of this
steel is presented in Table 1.

Table 1. Nominal chemical composition of high carbon steel (mass fraction, %).

C Si Mn Ni S P Cr Cu

0.72 0.19 0.52 0.05 0.03 0.03 0.10 0.10

The original wire was produced by drawing from a rod of diameter 5.5 mm. After drawing, the
wire of diameter 1.6 mm was patented (heated to a temperature in the range between 980 ◦C and
1000 ◦C for 50 s and subsequently cooled in molten lead at 560 ◦C). The resulting microstructure was
studied by an optical image analyzer “Thixomet” (Thixomet, St Petersburg, Russia). It was classified
by equiaxial sorbite-like pearlite grains of a diameter in the range between 10 µm and 25 µm (Figure 1).
The distribution of the microstructure was practically uniform over the entire cross-section of the wire.
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Figure 1. Microstructure of the wire material before multipass drawing, ×1000. 

 
Figure 2. Schematic diagram of the multipass drawing process; unit: mm. 

Conical dies made of sintered alloy H6F (tungsten carbide and cobalt) were used. All three dies 
used in the multipass drawing process had the same semiangle α. To vary the conditions at the 
friction surfaces, the experiment was carried out for two semiangles, α = 4° and α = 5°. Moreover, 
special treatments of the friction surface and different lubricants were used for varying friction 
conditions in the multipass drawing process through the dies with α = 4° and α = 5°. The different 
friction conditions at each semidie angle were denoted as the soft friction conditions, or (s), and the 
hard friction conditions, or (h). The rod from which the original wire for multipass drawing was 
produced was covered with a borate of soda (sodium tetraborate, U.S. Borax, Chicago, IL, USA) 
coating, and dry lubricant (sodium stearate, Lubrimetal, Via Moggio, Italy) was applied for the 
process of multipass drawing to get the soft friction conditions. The thickness of the coating was 
equivalent to 5 g/m2. The coating did not cover the rod in the case of the hard friction conditions. 
Moreover, no lubricant was used, and the abrasive diamond suspension was injected in between the 
die and the wire in the process of multipass drawing. Table 2 presents the general plan of the 
experiment. In total, there were twelve series. Series 1.1, 1.2, 1.3, and 1.4 corresponded to the first 
pass, series 2.1, 2.2, 2.3, and 2.4 to the second pass, and series 3.1, 3.3, 3.3, and 3.4 to the third pass. 
Using different combinations of all the experimental results, one can reveal the effect of the die 
semiangle at the same friction conditions and the effect of the friction conditions at the same die 
semiangle on the thickness of fine grain layers.  

Figure 1. Microstructure of the wire material before multipass drawing, ×1000.

The process of multipass drawing consisted of three passes. The first pass reduced the original
diameter of the wire to 1.45 mm, the second pass reduced the diameter from 1.45 mm to 1.3 mm, and the
third pass reduced the diameter from 1.3 mm to 1.15 mm. A schematic diagram of the multipass
drawing process is shown in Figure 2.
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Figure 2. Schematic diagram of the multipass drawing process; unit: mm.

Conical dies made of sintered alloy H6F (tungsten carbide and cobalt) were used. All three
dies used in the multipass drawing process had the same semiangle α. To vary the conditions
at the friction surfaces, the experiment was carried out for two semiangles, α = 4◦ and α = 5◦.
Moreover, special treatments of the friction surface and different lubricants were used for varying
friction conditions in the multipass drawing process through the dies with α = 4◦ and α = 5◦.
The different friction conditions at each semidie angle were denoted as the soft friction conditions,
or (s), and the hard friction conditions, or (h). The rod from which the original wire for multipass
drawing was produced was covered with a borate of soda (sodium tetraborate, U.S. Borax, Chicago,
IL, USA) coating, and dry lubricant (sodium stearate, Lubrimetal, Via Moggio, Italy) was applied for
the process of multipass drawing to get the soft friction conditions. The thickness of the coating was
equivalent to 5 g/m2. The coating did not cover the rod in the case of the hard friction conditions.
Moreover, no lubricant was used, and the abrasive diamond suspension was injected in between the die
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and the wire in the process of multipass drawing. Table 2 presents the general plan of the experiment.
In total, there were twelve series. Series 1.1, 1.2, 1.3, and 1.4 corresponded to the first pass, series 2.1,
2.2, 2.3, and 2.4 to the second pass, and series 3.1, 3.3, 3.3, and 3.4 to the third pass. Using different
combinations of all the experimental results, one can reveal the effect of the die semiangle at the same
friction conditions and the effect of the friction conditions at the same die semiangle on the thickness of
fine grain layers.

Table 2. Plan of the experiment.

Series Initial Diameter of Wire, mm Final Diameter of Wire, mm α, deg Friction Conditions

1.1 1.6 1.45
4 s2.1 1.45 1.3

3.1 1.3 1.15
1.2 1.6 1.45

5 s2.2 1.45 1.3
3.2 1.3 1.15
1.3 1.6 1.45

4 h2.3 1.45 1.3
3.3 1.3 1.15
1.4 1.6 1.45

5 h2.4 1.45 1.3
3.4 1.3 1.15

The microstructure of the material after the multipass drawing was studied on samples cut from
the longitudinal plane of symmetry of the wire. The samples were etched in 4% solution of nitric
acid (Mendeleevskazot, Mendeleevsk, Russia) in ethyl alcohol (Kirov BioChemPlant, Kirov, Russia)
by immersion of their polished surface into a bath with the reagent. An optical microscope with the
magnification of × 500 supplemented with the image analysis software “Thixomet” (V3.0, Thixomet,
St Petersburg, Russia) was used for the observation of the microstructure.

The criterion proposed in [27] was used for determining the thickness of the fine grain layers.
This criterion is based on the coefficient of anisotropy of ferrite grains, denoted as A, that is automatically
calculated using the “Thixomet” software. According to this criterion,

A < 0.7, (1)

within the fine grain layer.
Three nominally identical initial wires have been tested in each series. The thickness of the fine

grain layer was determined at six locations. Since the process was stationary, this thickness should
have been the same at all locations for all three samples in an ideal case. Therefore, the arithmetic
mean of these eighteen values was regarded as the thickness of the fine grain layer at the given die
semiangle and friction conditions.

3. Results

3.1. Soft Friction Conditions

Figures 3 and 4 illustrate the distribution of microstructure in the vicinity of the friction surface
after each pass of the multipass drawing process through α = 4◦ dies and α = 5◦ dies, respectively.
In these figures, the thickness of fine grain layers is also shown at three locations.
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dies: (a) the first pass, (b) the second pass, (c) the third pass.

Table 3 displays the dependence of the thickness of the fine grain layers on the number of passes
and α. The thickness is understood here as the arithmetic mean calculated as described in Section 2.
In Table 3 and in what follows, this quantity is denoted as t.

Table 3. Dependence of t on the number of passes and α.

Die Semiangle First Pass Second Pass Third Pass

α = 4◦ 10.5 µm 8.8 µm 6.3 µm
α = 5◦ 7.2 µm 6.8 µm 6.3 µm
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It is seen from Table 3 that t was largest after the first pass and smallest after the third pass for both
α = 4◦ and α = 5◦. In particular, it decreased from 10.5 µm to 6.3 µm in the process of drawing through
α = 4◦ dies, and from 7.2 µm to 6.3 µm in the process of drawing through α = 5◦ dies. The value of t
was practically the same after the third pass of each process.

3.2. Hard Friction Conditions

Figures 5 and 6 illustrate the distribution of microstructure in the vicinity of the friction surface
after each pass of the multipass drawing process through α = 4◦ dies and α = 5◦ dies, respectively.
In these figures, the thickness of the fine grain layers is also shown at three locations.
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Table 4 displays the dependence of t on the number of passes and α. It is seen from this table
that the effect of the number of passes and α on the fine grain layer thickness under the hard friction
conditions was qualitatively different from that under the soft friction conditions (Table 3). In particular,
the thickness monotonically increased with the number of passes from 8.8 µm to 9.7 µm in the process
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of drawing through α = 5◦ dies. This dependence was nonmonotonic in the process of drawing through
α = 4◦ dies, and the thickness attained a minimum of 5.6 µm after the second pass.

Table 4. Dependence of t on the number of passes and α.

Die Semiangle First Pass Second Pass Third Pass

α = 4◦ 8.4 µm 5.6 µm 6.3 µm
α = 5◦ 8.8 µm 9.3 µm 9.7 µm

The experimental results obtained in this work are summarized in Table 5. The sample range R is
also presented in this table.

Table 5. Summary of the experimental results.

α deg Pass
(s) (h)

t, µm R, µm t, µm R, µm

4
1st 10.5 1.9 8.4 1.4
2nd 8.8 1.2 5.6 1.0
3rd 6.3 1.4 6.3 1.1

5
1st 7.2 2.7 8.8 1.0
2nd 6.8 1.1 9.3 1.3
3rd 6.3 1.0 9.7 1.9

4. Discussion

The effect of the die’s semiangle, the number of passes, and the friction conditions on the thickness
of fine grain layers generated by the process of multipass drawing has been studied experimentally.
The criterion (1) has been adopted for determining this thickness.

Under soft friction conditions, the decrease of the fine grain layer thickness was found to have
occurred during the consequential passes. It could be attributed to the highest surface roughness
of the original wires drawn in the first pass of the multipass drawing process. Probably, one of the
mechanisms of fine grain layer generation in the drawing process is the interaction of profile peaks and
irregularities with the die. During the subsequent passes, gradual smoothing of the wire surface profile
irregularities occurred, and the effect of these irregularities on fine grain layer generation diminished.
It has also been observed that the fine grain layer’s final thickness was independent of the die semiangle.

Under hard friction conditions, the dependence of the fine grain layer thickness on the drawing
process’s parameters was as follows. The fine grain thickness layer monotonically increased from the
first pass to the last pass in the case of the 5◦ dies. However, this dependence is nonmonotonic in the
case of the 4◦ dies, and the thickness attained a minimum after the second pass. It is worth noting that
the fine grain layer’s final thickness was significantly affected by the die semiangle, in contrast to the
soft friction conditions.

The partition of deformation in three passes affected the generation of fine grain layers,
but the tendency was not clear (Table 5). In particular, the layer’s thickness monotonically
decreased with the passes in drawing through both the 4◦ and the 5◦ dies under soft friction
conditions. However, the thickness varied much more in the case of the 4◦ dies. On the other hand,
the layer’s thickness monotonically increased with the passes in drawing through 5◦ dies under hard
friction conditions. This dependence was not monotonic in the case of drawing through the 4◦ dies.
As under soft friction conditions, the thickness varied much more in drawing through the 4◦ dies.
This vagueness with the effect of the number of passes on the subsurface layer’s properties requires
further research in this direction. On the other hand, the variety of effects observed shows there is
much scope to design the process of drawing of thin wires driven by these properties.



Metals 2020, 10, 1462 8 of 9

The specimens after the multipass drawing process were not heat-treated. However, it is known
from the literature that some material properties of the sub-surface layer can be improved by heat
treatment [30].

5. Conclusions

From this work, the following conclusions can be drawn:

(1) The thickness of fine grain layers generated in the multipass drawing process is qualitatively
affected by friction conditions.

(2) Under soft friction conditions, the fine grain layer thickness decreases during the consequential
passes for both die semiangles, 4◦ and 5◦.

(3) Under hard friction conditions, the thickness may or may not be a monotonic function of the
number of passes, and its general qualitative behavior depends on the die semiangle.
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