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Abstract: Cold drawing is a commonly used metal forming technique carried out by pulling a
billet through a die cavity to obtain desired dimensions. Ideally, the cross-sectional area of the
drawn product should be equal to that of the die at its exit; however, the former one is always
larger after drawing, in practice. In this study, cold drawing of an AISI-316 stainless steel rod is
investigated through finite element analysis. The difference between the product radius and the die
radius is denoted by ∆R. A series of simulations using combinations of various forming parameters,
including semi-die angle, bearing ratio, reduction ratio, drawing speed and friction coefficient, are
conducted to find out the dominant factors of ∆R. It is found that ∆R is mainly affected by semi-die
angle, reduction ratio and friction. An empirical formula for ∆R, including various parameters, is
established according to the simulation results and verified by drawing experiments as well. Using
this empirical formula, the product dimensions can be predicted in advance and proper forming
parameters can be chosen to decrease ∆R and improve the product quality.

Keywords: cold drawing; stainless steel rod; forming parameters; product dimensions; finite
element analysis

1. Introduction

Cold drawing is a commonly used metal forming technique, which works by pulling
the billet through a die cavity, meaning products of desired shape and quality can be
achieved efficiently under appropriate conditions. There are five frequently discussed
forming parameters in cold drawing, including (1) semi-die angle, α, the incline angle in
the die entry; (2) bearing length, L, length of the bearing zone in the die cavity; (3) reduction
ratio, r, the percentage reduction in cross-sectional area of the product after drawing;
(4) drawing speed, v, the forward speed of the billet and (5) friction coefficient, µ, a
parameter indicating the friction between the billet and the die. These parameters have
significant impacts on the drawing processes and drawn products, such as the drawing
force, formability, central burst, surface smoothness, residual stress, etc. [1–5].

Some authors have discussed the optimal die design for a typical drawing process.
For example, Tintelecan et al. [6] carried out 90 sets of steel wire drawing experiments, with
different combinations of semi-die angle and bearing length, finding that the drawing force
was minimized when the semi-die angle was between 6◦ to 8◦ and the bearing zone length
was around 80% of the product radius. Suliga et al. [7] studied the multi-pass drawing
process of low-carbon steel wire, with an initial diameter of 5.5 mm. The wire was drawn
to 2.2 mm in the first stage and reduced to 1 mm in the second stage, with a speed of
25 m/s. Dies with semi-die angle α equaled to 3◦, 4◦, 5◦, 6◦, and 7◦ were used in different
groups of experiments. They found that the optimal semi-die angle was 6◦ and proposed
that an appropriate semi-die angle can improve the lubrication conditions and mechanical
properties of the steel wire during high-speed drawing. Nagashima et al. [8] found the
optimal drawing conditions of the copper wire using finite element analysis; they studied
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the irregular stretching of the die and the filling effectiveness analytically and predicted
the shape and thickness of the product. They also found that when the semi-die angle
reached 10◦, the surface stress of the die increased significantly and this may reduce the
tool life. Yamakawa [9] found that the optimal semi-die angle was 7–8◦, considering that
the evenness of stress distribution on the die surface and the optimal bering length should
be 1/3–1/2 of the diameter of the die exit.

Lin et al. [10] studied the influence of forming parameters on non-uniform deforma-
tion and residual stresses of the drawn medium carbon steel rods using a finite element
simulation software (DEFORM-2D). The results showed that the nonuniform distributions
of the effective strain decreased with increasing reduction ratio, semi-die angle, and fric-
tion. Majzoobi et al. [11] conducted a series of numerical analyses and experiments using
different combinations of friction coefficients, semi-die angle and drawing speed. They
found that in the drawing of copper and steel bars, the redundant shear deformation would
increase the energy required for material deformation. Besides, they tried to obtain the
optimal conditions for the minimum energy with the optimal semi-die angle. The results
showed that friction had significant effects on the optimal semi-die angle and the angle
decreased slightly with the increase in the drawing velocity. Vega et al. [12] investigated
the influence of semi-die angle, reduction ratio, and friction coefficient on the drawing
force of copper wires through finite element analysis and drawing experiments. The results
showed that both reduction ratio and friction coefficient had positive effects on the drawing
force. On the other hand, when the radial plastic deformation zone of the wire became
uniform, the optimal semi-die angle could be obtained.

Although the drawing issues have been explored for many years, few papers have
mentioned the influence of the forming parameters on the precisions of product dimensions.
Figure 1 shows the drawing process of a metal rod, where the product radius (Ro) is equal
to the die radius (Rd) plus a small amount of ∆R. There are two sources causing this ∆R:
(1) the elastic deformation of the die during the drawing process, owing to a repulsive
stress exerted on it (i.e., the expansion of die cavity during the drawing process) and (2) the
radial elastic recovery of the billet after drawing. In an ideal case, i.e., the die is a perfectly
rigid body and the billet is a perfectly plastic body, Ro = Rd as ∆R = 0. However, these
ideal bodies do not actually exist, which means ∆R must be larger than zero in practice.
Although ∆R � Rd in most cases, it is not negligible when high dimensional precisions are
required in some cases.
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Figure 1. Schematic diagram of drawing processes.

The purpose of this study is to investigate the effects of the forming parameters on
∆R. A series of simulations are carried out. An empirical formula is established according
to the simulation results. Drawing experiments are conducted as well to verify the FE
modeling. With this work, the product dimensions can be controlled more easily by
choosing appropriate forming conditions.

2. Materials and Methods

First, 106 sets of simulations were carried out using finite element software DEFORM
2D (Version 11.0, manufactured by Scientific Forming Technologies Corporation, OH, USA).



Metals 2022, 12, 690 3 of 10

AISI-316 stainless steel rods with initial radius (Ri) = 5.3–5.6 mm and tungsten carbide
dies with exit radius (Rd) = 5 mm, bearing length (l) = 3.5–5.0 mm and semi-die angle
(α) = 5–8◦ were modeled; the flow curve of the material at room temperature is shown
in Figure 2. Figure 3 and Table 1 show the definitions and the values of the forming
parameters, respectively. The choice of parameters was based on the industry experience
and some of the literature [6–9]. Since the optimal bearing length depends on the radius of
the die at exit [6,9], bearing ratio (L) was adopted instead of the actual bearing length.
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Figure 3. Forming parameters in a drawing process.

Table 1. Forming parameters used in FE simulations.

Forming Conditions Value

Modulus of elasticity of the die [GPa] 669
Modulus of elasticity of the billet [GPa] 210

Yield strength of the billet [MPa] 204
Initial radius of the billet, Ri [mm] 5.3, 5.4, 5.5, 5.6

Radius of die exit, Ro [mm] 5
Semi-die angle, α [ ◦ ] 5, 6, 7, 8
Bearing length, l [mm] 3.5, 4.0, 4.5, 5.0
Bearing ratio, L = l/Ro 70%, 80%, 90%, 100%

Reduction ratio, r = (Ri
2 − Ro

2)/Ri
2 11.00%, 14.27%, 17.36%, 20.28%

Drawing speed, v [mm/s] 50, 100, 150, 200
Friction coefficient, µ 0, 0.05, 0.10, 0.15

There were 5 forming parameters (α, L, r, v, µ) and 4 levels were assumed for each
parameter. A forming condition α = 14◦, L = 80%, r = 14%, v = 100 mm/s, µ = 0.05 was
selected as the standard condition, which is one of the commonly used working conditions
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in the industry. A typical approach for finding the effects of a varying parameter (e.g., α) on
the target parameter (∆R) is carrying out a series of simulations/experiments with different
values of α and measuring the ∆R obtained (while other parameters are kept constant).
However, this method cannot show the interactions between different parameters as there
is only 1 variable each time. Hence, to have a better understanding of the interactions,
2 variables were studied in each group of simulations in our research.

Further, 2D Axial symmetric model was used in the simulation, quadrilateral elements
were generated and the number of elements of the billet in the radial direction was around
20–25 in total, depending on the radius of the billet. Since most deformation happened
near the billet’s surface, denser elements were set in the outermost 1/3 of the billet, and the
average lengths of the surface element and the core element were 0.16 mm and 0.48 mm
respectively (i.e., in a ratio of 1:3). The effects of α, L, r, µ and v on ∆R were analyzed and
an empirical formula of ∆R was established according to the simulation results using the
linear regression function of the statistical software Excel [13,14].

3. Results and Discussion
3.1. Analysis of ∆R

As mentioned in Section 1, ∆R comes from the radial elastic recovery of the billet and
the expansion of the die cavity during the drawing process. There are two stages for elastic
recovery: (1) the first stage occurs when the billet leaves the die exit (i.e., the radial compres-
sion stress exerted on the rod from the die is just removed) and (2) the second stage happens
when the drawing force is removed. Figure 4 shows the changes in the rod radius in stage
1 under the following conditions: α = 7◦, L = 80%, r = 14.27%, v = 100 mm/s, µ = 0.05,
deformation type of the billet = elastoplastic, deformation type of the die = rigid. The read-
ings of the five tracking points were: P1 = 5.0000 mm, P2 = 5.0014 mm, P3 = 5.0023 mm,
P4 = 5.0026 mm and P5 = 5.0030 mm, which means an elastic recovery of 0.0030 mm hap-
pened in this stage. In the second stage, further elastic recovery of 0.0014 mm was noticed
on P1 to P5 when the drawing force was removed (i.e., the final radius of the drawn product
was 5.0044 mm).
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Apart from the elastic recovery, the expansion of the die cavity also contributes a
significant amount to ∆R. Figure 5 shows the displacement of the die in the radial direction
during the drawing process under the same conditions, except that the die was set as an
elastic body this time to observe the die deformation. It can be seen that the maximum
displacement happened near the entry of the bearing zone, which was 0.0043 mm and
decreased gradually from that point to the die exit. The displacement of the die at its exit
was 0.0012 mm, which means the radius of the die at the exit during the drawing process
was actually 5.0012 mm, instead of 5 mm, the designed die radius. Hence, the value of ∆R
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for this case was 0.0044 mm + 0.0012 mm = 0.0056 mm. The same approach was used to
find the values of ∆R for other sets of simulations.
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3.2. Effects of Different Forming Parameters on ∆R

Figure 6a–d show the effects of semi-die angle (α) on ∆R under variations of L, r, v
and µ, respectively. It can be seen that ∆R decreased with increasing α in all cases. When
α increased, the contact area between the billet and the die decreased accordingly, which
results in a decrease in the total frictional force and the drawing force. Hence, both the
extent of die cavity expansion and the elastic recovery of the billet were reduced, and
a smaller ∆R was obtained. Besides, from the shape of the curves, it is known that the
interactions between α and other parameters were weak.
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Figure 6. Effects of semi-die angle on ∆R under different conditions. (a) Different bearing ratios;
(b) different reduction ratios; (c) different drawing speeds; (d) different friction coefficients.
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Figure 7a–d show the effects of bearing ratio (L) on ∆R under variations of α, r, v and
µ, respectively. It is obvious that the change in L had practically no effect on ∆R compared
to other parameters; the interactions between L and other parameters were weak as well.
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Figure 7. Effects of bearing length on ∆R under different conditions. (a) Different semi-die angles;
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Figure 8a–d show the effects of reduction ratio (r) on ∆R under variations of α, L, v and
µ, respectively. It can be observed from the graphs that ∆R increased with r significantly in
all cases. A higher reduction ratio implied a more severe deformation of the billet during
the drawing process. Accordingly, larger stresses are exerted on the inner surface of the die,
which causes a higher degree of cavity expansion. On the other hand, the extent of elastic
recovery increased as well. As a result, ∆R increased. The interactions between r and other
parameters were weak.

Figure 9a–d show the effects of drawing speed (v) on ∆R under variations of α, L, r
and µ, respectively. The change in v did not have a significant effect on ∆R. Generally, ∆R
decreased with v slightly.

Figure 10a–d show the effects of friction coefficient (µ) on ∆R under variations of α, r,
L and v, respectively. When µ increased, it can be observed from the simulation results that
the billet failed to fill the die cavity completely, owing to the increasing surface roughness;
also, the radial stress exerted on the inner surface of the die decreased, i.e., the die cavity
expanded less, causing the decrease in ∆R. Similar to the previous cases, the interactions
between µ and other parameters were weak.
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3.3. Empirical Formula

An empirical formula for ∆R is established by regression analysis from the 106 sets of
simulation results. In general, more than 30 terms are expected in the multivariate linear
regression of five parameters, including the 1st, 2nd and 3rd orders of the parameters α, L,
r, v, and µ and their multiplication products. With the aid of the statistical software Excel, it
is found that up to 2nd order is enough for our case. Besides, the influences of some terms,
such as L, and their products are negligible. After a series of formula fitting, Formula (1)
is established:

∆R = −0.511α2 − 0.386r2 − 0.022α + 0.097r − 0.076µ − 5.53 × 10−6v + 0.537αr + 0.511αµ + 0.269 rµ − 5.096 αµr (1)

where α is the semi-die angle, r is the reduction ratio, µ is the friction coefficient between the
billet and the die and v is the drawing speed. The coefficient of v is 4 orders of magnitude
lower than other coefficients because flow stresses are little influenced at room temperature
by the applied strain rate, as shown in Figure 2.

Figure 11 shows the comparisons between the ∆R calculated by the empirical formula
and the ∆R obtained from the 106 sets of simulation results. As shown, 93% of them
show less than 0.001 mm error; the maximum error is 0.001 mm, which occurs under
the conditions α = 7◦, L = 80%, r = 20.28%, v = 200 mm/s, µ = 0.05. The coefficient of
determination (R2) of the linear regression model is 0.9791, indicating the reliability of the
empirical formula.



Metals 2022, 12, 690 9 of 10Metals 2022, 12, x FOR PEER REVIEW 9 of 10 
 

 

 
Figure 11. Comparisons between the calculated and simulated results. 

3.4. Drawing Experiments 
In order to verify the applicability of the empirical formula, drawing experiments 

were conducted. A tungsten carbide drawing die with α = 8°, Rd = 3.75 mm and l = 6.0 mm 
was used. AISI-316 stainless steel rods with Ri = 4.0 mm were drawn through the die with 
v = 10 mm/s. The diameters of drawn products were measured by an electronic vernier 
caliper. The experiment was repeated three times and the average product diameter was 
7.503 mm. The comparisons between the experiments, simulations and calculation results 
are shown in Table 2. 

Table 2. Comparisons of product diameter between experiments, simulations and calculation 
results. 

Billet 
Diameter of the drawn product [mm] 

Formula Simulation Experiment 
AISI-316 stainless steel rod with 

initial dimeter = 8.00 mm 
7.502 7.502 7.503 

4. Conclusions 
In this study, the effects of different forming parameters, including semi-die angle, 

bearing ratio, reduction ratio, drawing speed, and friction coefficient on ∆R were 
investigated through finite element analysis. The results can be summarized as below. 
(1) A positive ∆R always exists owing to the presence of elastic recovery in the billet and 

the die cavity expansion during the drawing process. 
(2) ∆R increases significantly with reduction ratio and decreases significantly with semi-

die angle and friction between the billet and the die. It also decreases slightly with 
drawing speed in most cases. The change in bearing ratio has nearly no impact on it.  

(3) The five forming parameters show weak interactions, according to the shape of the 
∆R graphs. 

(4) With a better understanding of ∆R, the desired product dimensions can be achieved 
by proper die design and drawing conditions.  

Author Contributions: Conceptualization, Y.-M.H.; methodology, Y.-M.H. and H.S.R.T.; software, 
H.S.R.T.; experiment, M.-R.L.; formal analysis, H.S.R.T.; resources, Y.-M.H.; writing—original draft 
preparation, H.S.R.T.; writing—review and editing, Y.-M.H.; supervision, Y.-M.H. All authors have 
read and agreed to the published version of the manuscript. 

Funding: The authors would like to extend their thanks to the Ministry of Science and Technology 
of the Republic of China under Grant no. MOST 109-2622-E-110-006-CC3. The advice and financial 
support of MOST are greatly acknowledged. 

Figure 11. Comparisons between the calculated and simulated results.

3.4. Drawing Experiments

In order to verify the applicability of the empirical formula, drawing experiments
were conducted. A tungsten carbide drawing die with α = 8◦, Rd = 3.75 mm and l = 6.0 mm
was used. AISI-316 stainless steel rods with Ri = 4.0 mm were drawn through the die with
v = 10 mm/s. The diameters of drawn products were measured by an electronic vernier
caliper. The experiment was repeated three times and the average product diameter was
7.503 mm. The comparisons between the experiments, simulations and calculation results
are shown in Table 2.

Table 2. Comparisons of product diameter between experiments, simulations and calculation results.

Billet
Diameter of the Drawn Product [mm]

Formula Simulation Experiment

AISI-316 stainless steel rod with
initial dimeter = 8.00 mm 7.502 7.502 7.503

4. Conclusions

In this study, the effects of different forming parameters, including semi-die angle,
bearing ratio, reduction ratio, drawing speed, and friction coefficient on ∆R were investi-
gated through finite element analysis. The results can be summarized as below.

(1) A positive ∆R always exists owing to the presence of elastic recovery in the billet and
the die cavity expansion during the drawing process.

(2) ∆R increases significantly with reduction ratio and decreases significantly with semi-
die angle and friction between the billet and the die. It also decreases slightly with
drawing speed in most cases. The change in bearing ratio has nearly no impact on it.

(3) The five forming parameters show weak interactions, according to the shape of the
∆R graphs.

(4) With a better understanding of ∆R, the desired product dimensions can be achieved
by proper die design and drawing conditions.
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