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Abstract
The paper explores the new method of improving the workability of materials in the dieless drawing processes. The pro-
posed method is based on the implementation of a multi-pass incremental deformation. Moreover, in each pass, strain and 
strain rate sensitivity of flow stress should be positive and significant. An approach based on the finite element calculation 
of instability coefficient of plastic deformation and simultaneous modeling of material ductility were applied for prediction 
of the workability. Two dieless drawing processes have been investigated. The difference was related to the heating sys-
tem—induction heating and laser heating. FE simulations and experimental tests for three materials, two magnesium alloys 
(MgCa0.8 and MgNi19) and pure copper were performed. It was shown that the most effective increase in workability by 
multi-pass deformation can be achieved using laser dieless drawing. This is possible due to the shorter heating area and, as 
a consequence, the larger strain rate, which leads to better stability of the deformation process.
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1 Introduction

The process of dieless drawing is a stretching of the work-
piece with its simultaneous local heating. Weiss and Kot 
[1] presented a first study of the wire production based on 
this method. Tiernan and Hillery [2] performed a theoretical 
analysis and FE simulation of a dieless drawing of steel wire. 
They confirmed that during the dieless drawing, there is a 
complex interdependence between the process parameters. 

Currently, dieless drawing is widely used for the forming 
of various categories of products and materials. The appli-
cation of this method for the production of tubes of the 
complex cross-section was investigated by Furushima et al. 
[3]. Tiernan et al. [4] showed an application of the dieless 
drawing for the deformation of bars. The heating source in 
the dieless drawing process is usually an electric furnace, 
an inductor, or a laser beam. In the latter case, the process 
is called laser dieless drawing and it was described by Li 
et al. [5]. The dieless drawing allows for elongation of the 
workpiece without using a deforming die and has several 
other advantages. For example, Supriadi et al. [6] showed 
that, by dieless drawing, it is possible to vary the stretching 
and cross-sectional shape of the workpiece along its length.

Sekiguchi et al. [7] noticed another important advantage 
of this method—the absence of friction. This simplifies the 
deformation of materials with low ductility. Extending this 
idea, Furushima and Manabe [8] applied a dieless drawing 
for the elongation of microtubes under superplastic condi-
tions for Zn–Al alloys and ceramic tubes (Furushima and 
Manabe [9]). Kustra et al. [10] demonstrated, that the die-
less drawing process makes it possible to achieve significant 
workability of the workpiece in one pass (up to 60%) for 
MgCa0.8 magnesium alloy.
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It is necessary to clarify exactly what is meant by work-
ability. In this paper, workability is considered as the maxi-
mum final strain of the material to fracture achievable in the 
process of dieless drawing.

Milenin et al. [11] showed that usually the fracture of the 
material during dieless drawing is preceded by the instabil-
ity of plastic deformation in the form of necking. This is 
caused by the fact that the dimensions of the final product 
are formed by free deformation of the material. Since in the 
process of dieless drawing the deformation state is close to 
a linear stretching, it can be assumed that the mechanisms of 
necking during the tensile test and the instability during die-
less drawing are similar to each other. A general criterion of 
the instability of plastic deformation during the tensile test 
was proposed by Considère [12]. The basis of this criterion 
is that the instability of plastic deformation in the form of 
necking will not occur until the applied stress reaches the 
value of the slope of the stress–strain curve. However, this 
criterion cannot be used directly for prediction of instabil-
ity during dieless drawing, because distributions of strain, 
strain rate, and temperature in the workpiece are very com-
plicated. As an alternative to the use of this criterion, He 
et al. [13] used experimental studies to determine processing 
limit maps for the stable deformation during dieless drawing.

On the other hand, the increase of the stability of plas-
tic deformation is difficult to achieve, since it is limited by 
the rheological properties of the material. Furushima and 
Manabe [8] analyzed the effect of strain-rate on deformation 
instability during dieless drawing. They showed that signifi-
cant positive strain rate sensitivity of flow stress restrains 
the local unstable deformation. Additionally, Milenin [14] 
showed the relationship between strain sensitivity of flow 
stress and the occurrence of uneven product diameter. The 
method to improve the stability of deformation based on the 
multi-pass dieless drawing was proposed. In this process, 
deformation is carried out by cyclic repetition of the dieless 
drawing of one sample with small increments of elongation. 
The idea of the proposed method was that during each pass 
the processed material must be under conditions of intensive 
strain hardening. This is achieved using small deformations 
at each pass and restoring the mechanical properties of the 
material by recrystallization of the microstructure after each 
pass. Because multi-pass incremental deformation during 
dieless drawing can improve stability of deformation, it is 
logical to assume that this method can also increase the 
workability. Furushima and Manabe [15] used multi-pass 
dieless drawing for deformation of Zn22% Al alloy under 
superplastic conditions. However, the deformation param-
eters in each pass were determined experimentally, without 
regard to the stability criterion and the flow stress model of 
the material.

The beginning of the formation of necking during die-
less drawing does not always lead to fracture but in this 

case, the uneven diameter of the finished product along the 
length can be observed. On the other hand, the fracture of 
some less ductile materials is possible before the formation 
of necking. Consequently, the control of instability alone is 
not enough to predict fracture and optimize the process to 
increase workability. To solve this problem, it is necessary 
to jointly use the models of ductility and instability of plastic 
deformation.

Thus, the main weakness of existing studies is the fact, 
that attempts to increase the workability during dieless draw-
ing were carried out based on empirical data and without a 
quantitative coupled analysis of the stability of plastic defor-
mation and ductility of a material. This significantly limits 
the applicability of these solutions to the problem of improv-
ing the workability. It especially concerns the processing 
of low-ductility materials (for example, magnesium alloys).

Also, a comparative analysis of the possibilities of 
improving workability in different multi-pass dieless draw-
ing processes is of practical interest. A comparison of laser 
dieless drawing (LDD—laser dieless drawing) and dieless 
drawing with induction heating (DD—dieless drawing) is an 
example. To author’s knowledge, there is no such analysis 
presented in the existing literature. Thus, the purpose of this 
study includes two aspects. The first is to develop a method 
for improvement of workability in the multi-pass processes 
of dieless drawing, based on analysis of plastic instability 
and exhaustion of ductility. The second is to analyze and 
compare the effectiveness of proposed multi-pass dieless 
drawing for two processes: one with induction heating (DD) 
and the second with laser heating (LDD).

The dieless drawing processes of tubes from various 
materials were selected as the object for the research.

2  Materials models

Two material models are needed for the FE simulation of 
the instability of plastic deformation and workability during 
dieless drawing: the model of flow stress and the model of 
ductility. Three materials were investigated: MgCa0.8 (Wt%: 
Mg 99.2, Ca 0.8), MgNi19 (Wt%: Mg 81, Ni 19), and pure 
copper (Wt%: Cu 99.99). MgNi19 alloy is an example of 
extremely low ductile material (used by Crivello et al. [16] 
in chemical hydrogen accumulators). MgCa0.8 alloy (used 
in biomedical applications) has relatively good formability, 
which was demonstrated by Milenin et al. [17]. Cu is an 
example of high ductile material but with a very complicated 
stress–strain relationship during hot deformation, which was 
studied by Garcia et al. [18]. Thus, these alloys represent 
various groups of materials in terms of their formability in 
dieless drawing processes.

Experimental studies of the flow stress of these materials 
were performed based on compression tests on the GLEEBLE 
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machine and Fig. 1 depicts selected flow stress curves. Dur-
ing experiments on the GLEEBLE machine, the accuracy 
of hardware temperature control was about 1 °C. Cylindri-
cal samples with an initial diameter of 8 mm and a height of 
10 mm were used. The strain rate varied from 0.01 to 1 s−1. 
When the sample was deformed, the moment of its destruction 
was controlled. The onset of destruction was controlled by the 
criterion of a sharp decrease in the compression load. At this 
point, the deformation was automatically interrupted. Photos 
of some samples after destruction are shown in Fig. 1. In all 
cases, the same pattern of fracture was observed as shown in 
the photographs. Interruption of some curves in Fig. 1 meant 
the destruction of the sample. The deformation corresponding 
to the fracture was used to calibrate the ductility model. No 
destruction of copper samples was observed in plastometric 

tests. For this reason, a model of ductility for copper has not 
been developed.

In this study, the main method for improving workability is 
to increase the stability of deformation and inhibition of neck 
formation. The ductility model has a secondary value. For this 
reason, the following simplified ductility model was used. The 
analysis of ductile fracture was based on the accumulation of 
damage parameter D:

where D ≥ 1 corresponds to fracture occurrence, � is the 
strain, 𝜀f(t, �̇�) is the critical strain when the fracture hap-
pens; t is the temperature; �̇� is the strain rate.

(1)D = ∫
𝜀

0

d𝜀

𝜀f(t, �̇�)
,

Fig. 1  Flow stress curves used 
for simulation: a, b MgNi19; c, 
d MgCa0.8; e, f Cu
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In the QForm FE software, the ductility model (1) was 
implemented in a form of numerical integration algorithm 
in LUA language. The critical strain 𝜀f(t, �̇�) associated with 
fracture was approximated as follows:

This model was proposed by Milenin et  al. [11] for 
the prediction of fracture during the dieless drawing of 
ZEK100 alloy. The absence of a triaxiality factor in Eq. (2) 
is explained by its insignificant change in the process of 
dieless drawing.

In Eq. (2), the empirical coefficients d1–d3 were deter-
mined using compression tests for two magnesium alloys, 
as follows:

• MgCa0.8 alloy: d1 = 0.136; d2 = 0.00645; d3 = − 1.22;
• MgNi19 alloy: d1 = 0.0708; d2 = 0.00708; d3 = − 0.252.

These coefficients were determined using the least-
squares method. As experimental data, the values of strains 
at which the samples were destroyed in plastometric tests 
and also the temperatures and strain rates corresponding to 
these tests were used.

Using only compression tests to calibrate the model (2) 
does not allow it to be used to analyze processes with a 
complex stress state. However, in the investigated case, 
the obtained model was used to determine the temperature 
below which the ductility of the material begins to decrease 
significantly and assess the effect of the strain rate on duc-
tility. The last is practically important since laser dieless 
drawing leads to a higher strain rate in the material than 
conventional dieless drawing. A similar technique based on 
the use of only compression tests to assess formability was 
widely used in practice for the determination of processing 
maps (Rao et al. [19]) or dependence of formability on tem-
perature (Doege et al. [20]).

A graphical interpretation of these results along with 
experimental data is shown in Fig. 2. The presented data 
show significantly higher ductility of the MgCa0.8 alloy 
compared to MgNi19. For example, at a temperature of 

(2)𝜀f(t, �̇�) = d1 exp
(

d2t
)

�̇�
d3 .

100 °C, the critical strain of the MgCa0.8 alloy (0.2 in 
Fig. 2b) is almost twice the critical strain for the MgNi19 
alloy (0.1 in Fig. 2a). This requires a higher heating tempera-
ture for the alloy MgNi19 during dieless drawing.

Since copper is a more ductile material than magnesium 
alloys (in the compression tests, used to calibrate the flow 
stress model, copper did not fracture even at room tempera-
ture), the ductility model was not calibrated for this material. 
Evaluation of workability during the dieless drawing of cop-
per was carried out only based on the analysis of the stability 
of plastic deformation.

The following parameter was used as a numerical charac-
teristic of material hardening or softening:

where � is the flow stress.
The usage of this parameter to the quantitative characteri-

zation of the material softening to predict the localization 
of deformation during hot metal forming was proposed by 
Bylya et al. [21]. The analysis of the flow forming process 
with a complex stress state using a parameter K was per-
formed by Bylya et al. [22]. A special case of applying K 
to the analysis of deformation instability is the instability 
criterion which was proposed by Considère [12] and used for 
the dieless drawing process by Wright and Wright [23]. For 
linear stretching, it was theoretically shown that K < 1 cor-
responds to the condition when the process of plastic defor-
mation becomes unstable. In other cases, for example, for 
the dieless drawing process, the critical value of K should be 
chosen empirically. On the other hand, the start of unstable 
deformation does not mean immediate fracture, and for some 
time the process can take place under condition of unstable 
deformation. For example, Slomchak et al. [24] showed that 
the formation of a noticeable localization of deformation in 
the initial phase of rolling occurs at negative values of K.

In the process of dieless drawing, the cooling of the mate-
rial after leaving the heating zone is a factor that further 
stabilizes the process. This leads to the fact that the initiated 
strain instability ceases by increasing the flow stress corre-
sponding to cooling. Therefore, the dieless drawing process 

(3)K =
d�

d�

1

�
,

Fig. 2  Critical strain associated 
with a fracture for MgNi19 (a) 
and MgCa0.8 (b) alloys
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is usually more stable than simply stretching at a uniformly 
distributed temperature in the sample. For this reason, for 
a preliminary assessment of the stability of dieless drawing 
from stress–strain curves, the instability condition K < 0 is 
adopted. This factor is fully taken into account in this work 
by the FEM modeling of dieless drawing.

A preliminary assessment of the conditions under which 
unstable deformation can begin can be done by applying 
Eq. (3) directly to the experimental data in Fig. 1. Figure 3 
shows examples of the dependence of K on temperature and 
strain.

If it is assumed that the maximum possible strain to fail-
ure during one pass of the dieless drawing should be about 
0.8, then from the curves in Fig. 2, it follows that the defor-
mation temperature for the MgCa0.8 alloy should be 300 °C, 
and for the MgNi19 alloy 350 °C. For this temperatures and 
strain rate 0.01 s−1 strain, which corresponded to condition 
K = 0 was 0.4 for MgCa08 (Fig. 3a) and 0.15 for MgNi19 
(Fig. 3b). These strains correspond to high strain harden-
ing (positive slope of the stress curve relative to the strain 
axis in Fig. 1b, d) and considerable sensitivity of the stress 
to the strain rate (a large difference between the curves for 
different strain rates). Moreover, as follows from Fig. 3a, 
b a decrease in strain lead to a significant increase in K. 
However, a decrease in strain in one pass during the dieless 
drawing process leads to a decrease in the productivity of the 
process. Thus, it is necessary to find a compromise between 
increasing the stability of the deformation (high K values) 
and the productivity of the process (large strains and lower 
K values).

For copper, the temperature of dieless drawing was deter-
mined by an analysis of the stability of plastic deformation 
only. In this case, however, the choice is ambiguous, since in 
a range of temperature when strain hardening is significant 
(20–400 °C), sensitivity to strain rate is very low. Stable and 
positive sensitivity of flow stress to strain rate appears for 
temperatures above 700 °C. However, at these temperatures, 

the strain hardening is very small and not monotonic (the 
wave-like character of the curves in Figs. 1e, 3c). Thus, it 
could be assumed that copper will show a minimal increase 
in workability when using a multi-pass dieless drawing pro-
cess instead of a single-pass process.

The above arguments are approximate since the stressed, 
deformed state and temperature distribution in the material 
during compressive tests deviated from the conditions of 
dieless drawing. For this reason, to confirm the assump-
tions made, it was necessary to perform FE calculations and 
experimental validation.

3  Methods of dieless drawing

3.1  Experiment

Two processes of dieless drawing (dieless drawing with 
induction heating, DD and laser dieless drawing, LDD) were 
considered. During DD (Fig. 4), the length of the heating 
zone (and the deformation zone) was 30 mm and temperature 
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Fig. 3  Dependence of parameter K on temperature and strain for strain rate 0.01 s−1: a MgCa08; b MgNi19; c Cu

Fig. 4  Principle scheme of DD process (a) and example of installa-
tion (b): 1—the heating device (inductor); 2—the sample fixed in the 
equipment; 3—the sample
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distribution was axisymmetric. During LDD (Fig. 5), the 
diameter of the laser beam (and the length of the heated 
zone) was 4 mm. During LDD, the workpiece was rotated at 
a speed of 200 rpm with the aim of symmetric heating. This 
allowed considering both tasks as axisymmetric.

The heating device in the installation is stationary and 
the workpiece moves relative to it as shown in the scheme 
(Fig. 6). The total initial length of the samples was about 
500 mm, the length of the ends of the sample with uneven 
deformation was about 50 mm. The main controllable fac-
tors affecting the LDD and DD process are speeds of ends 
of the tube V1 and V0. The area reduction of the tube R in 
the heated zone can be approximately determined from the 
volume constancy condition for V1 > V0:

In the multi-pass dieless drawing, deformation is car-
ried out by cyclic repetition of the dieless drawing of one 
sample with small increments of elongation. Multi-pass 
dieless drawing differs in that the process depicted in 
Fig. 6 is repeated many times for one sample with small 
increments of elongation. In this case, the sample is not 

(4)R = 1 −
V0

V1

.

removed from the installation, which minimizes perfor-
mance losses. At each pass, a very small elongation of 
the sample occurs. The magnitude of the elongation at 
each pass is an important additional parameter that must 
be determined when designing the process. As with the 
conventional process, two cases of the multi-pass dieless 
drawing were considered: dieless drawing with induction 
heating (MDD) and with laser heating (MLDD).

3.2  FE simulation

FE simulation was performed with the usage of QForm 
software. The theoretical foundations and examples of 
practical applications of the QForm program are described 
by Biba et al. [25]. A rigid plastic model of an incompress-
ible material was chosen. Flow stress models for all mate-
rials were implemented in the QForm software in tabular 
form based on the data presented in Fig. 1. For all simula-
tions (dieless drawing and tensile tests), the parameter K 
was calculated in every time step by Eq. (3) in every node 
of the FE grid and it was implemented in the QForm soft-
ware using a script in LUA language. Kinematic boundary 
conditions were set following the scheme in Fig. 6. At the 
ends of the tube, the velocities V0 and V1 were applied. The 
heating device is assumed to be motionless. The greatest 
difficulty was the specification of thermal boundary condi-
tions for both induction and laser heating. To simplify this 
task, the temperature in the deformation zone was continu-
ously monitored in the experiment using an IR camera. 
This allowed the use of a simplified method to determine 
the boundary conditions. The desired heat flux was chosen 
so that the maximum temperature in the deformation zone 
corresponded to the measurement results. The length of 
the heating zone corresponded to the length of the induc-
tion furnace for the DD process and the diameter of the 
laser spot for LDD.

Fig. 5  Principle scheme of LDD process (a) and example of instal-
lation (b): 1—the heating device (laser); 2—the sample fixed in the 
equipment; 3—the sample

Fig. 6  Scheme of the initial (top) and final (down) position of the sample in dieless drawing setup during one pass of deformation: 1—heating 
device; 2—sample
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4  Experimental tests

4.1  Experimental validation of the concept 
on the example of multi‑stage stretching

The idea of improving workability is illustrated by the exam-
ple of stretching a MgCa0.8 alloy sample (Fig. 7) at a uni-
formly distributed temperature in it. Thus, the multi-pass 
dieless drawing process in this experiment was replaced by 
multi-stage stretching of the sample at a constant and uni-
formly distributed temperature. During stretching stage, V0 
and V1 was 0 mm/s and 1 mm/s, respectively (Fig. 8). During 
pause, V0 = V1 = 0 mm/s. The sample for stretching (in FE 
modeling, single-stage, and multi-stage experiments) was 
a rod with an initial diameter of 4 mm and a deformable 
length of 28 mm. The samples had an initial stress concen-
trator (Fig. 7a) for simulation of possible heterogeneity of 
the diameter along the length of the workpiece. The entire 
sample was uniformly heated to a temperature of 300 °C 
and deformed at this temperature. The experiments were 
carried out on a Zwick250 machine using a furnace that 
uniformly heats the sample. The scheme of the experiment is 
shown in Fig. 8. The temperature fluctuations in the sample 
during the deformation did not exceed 1 °C. When mono-
tonically stretched at a speed of 1 mm/s at a temperature 
of 300 °C, the sample was destroyed at an elongation of 
18.5 mm (variant 1). The simulation of this process showed 
that at the moment of fracture, the parameter D is close to 1 
(Fig. 7b). In the moment of fracture, the value of K is below 
0 (Fig. 7c). This experiment (variant 1) physically models a 
conventional single-pass dieless drawing process.

The next experiments (variants 2, 3, and 4) physically 
simulated the multi-pass dieless drawing. They differed 

in that the sample was stretched in several stages with dif-
ferent increments of elongation and with pauses between 
the stages, during which the material recovered its proper-
ties. All other conditions (temperature, strain rate at the 
stage of deformation, the initial shape of the samples) 
were the same for all experiments in this series. Thus, the 
deformation scheme was the same as in the study of the 
one-stage process (Fig. 8); however, the stretching was not 
performed monotonously, but with specified elongation 
increments and pauses between them. During pauses, the 
position of the ends of the samples was fixed cinematically 
rigidly by setting the appropriate option in the software 

Fig. 7  Results of the monotonic stretch of the sample at a speed of 1 mm/s at a temperature of 300 °C: a sample for stretching; b simulation of 
ductility parameter D at the moment of fracture; c simulation of parameter K at the moment of fracture; d sample after the fracture

Fig. 8  The scheme of the experiment of the single-stage and multi-
stage stretching of the sample: 1—sample; 2—furnace in the opening 
state; 3—deformation device Zwick 250
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of the Zwick 250 machine. At the stage of active loading 
and during pauses, a change in load was recorded both 
over time and depending on the elongation of the sample. 
Using this method, the experimental load—time depend-
encies were obtained, which are presented in Fig. 9 for 
the first stage of deformation and pause. In Fig. 10, these 
data are shown for all stages of deformation of samples 
in the load—as elongation coordinates. In these figures, 
the curve for variant 1 is monotonic, since in this case 
the deformation is carried out without pauses. The curves 
for variants 2–4 contain both stages of active loading and 
pauses, during which the relaxation of the load is recorded.

In these experiments, samples were deformed with incre-
ments of elongation in each stage equal 2 mm (variant 2), 
1 mm (variant 3), and 0.5 mm (variant 4) and with a pause of 
60 s between the stages. The strain rate at each stage of the 

deformation was approximately 0.04 s–1, which is close to 
the values of strain rate characteristic of the dieless drawing 
process (excluding the final phase of deformation just before 
the fracture, at which the neck was formed). Average strain 
rate during stretching stage was calculated by the equation 
�̇� = (V1 − V0)∕L0  where L0 is length of deformable part of 
the sample from Fig. 7a (28 mm). Obviously, this is approxi-
mate value, because the sample is continuously stretched.

A pause between the stages of deformation allows achiev-
ing two goals. The first and obvious one is the restoration of 
the ductility of the material. In our case, however, this goal 
is not the main one because if a neck begins to form during 
the drawing process, even highly ductile material will be 
destroyed. The second goal is to ensure that the stress–strain 
curve of the material after the pause is as close as possible 
to the stress–strain curve of the initial material. This will 
allow us to have a larger K value at all steps of deformation. 
As a result, this will inhibit the development of the neck and 
subsequent fracture of the material.

During pauses, the recrystallization of the material was 
controlled by a method proposed by Karjalainen and Perttula 
[26], which is based on measuring the stress relaxation in the 
sample. To do this, the sample was not unloaded in pauses 
between deformations and stress relaxation was measured. 
This method of controlling recrystallization can be used in 
real dieless drawing processes since each installation usually 
contains a force measurement sensor.

The results of the load measurement showed that within 
5–10 s 80% of the load relaxes, which indicates almost 
complete recrystallization of the material during this time 
(Fig. 9).

The change in the shape of load–elongation curves shown 
in Fig. 11 occurs as the fracture of the sample approaches, 

Fig. 9  Dependence of the load on time for the first and second stages 
of stretching for variants 1–4

Fig. 10  Load–elongation curves for all tests of the multi-stage stretching (variants 1–4)
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which indicates that the properties of the metal are no longer 
fully restored during the pause. Obviously, it is impossible 
to ideally restore material properties after the deformation. 
For this reason, in the experiment, a neck is finally formed 
and the sample is destroyed (Fig. 11a). However, in the FE 
simulation, we can establish the ideal restoration of material 
properties by zeroing the strain after each stage. In this case, 
the simulation shows an almost unlimited possible elonga-
tion of the sample without a fracture, and hardening at high 
values of K inhibits the propagation of the neck despite the 
presence of a stress concentrator, as shown in Fig. 11b.

The elongation strain achieved experimentally in a multi-
stage process substantially depends on the K value in each 
stage. By the effectiveness of a multi-stage (or multi-pass) 
process, we mean the ratio of the maximum achievable elon-
gation with a multi-stage deformation to this value obtained 
by a single-stage process. The dependence of the efficiency 
achieved in the experiment on the value of K is shown in 
Fig. 12. Figure 12b–d show the calculations of K for the 

first stage of stretching for variants 2–4. From the obtained 
results, it follows that an increase of K during each stretching 
stage (3.6, 9.5, and 32 for variants 2, 3 and 4, respectively, 
see Fig. 12b–d) leads to an increase of the effectiveness to 
2.2.

4.2  Experiments in dieless drawing

The dieless drawing experiments were carried out on equip-
ment the schemes of which are shown in Fig. 4 (DD) and 
5 (LDD). Thus, two versions of dieless drawing processes 
were investigated experimentally (Table 1). One version was 
a single-pass dieless drawing process with a monotonously 
increasing difference of velocities V1–V0 until the sample 
was destroyed (see processes DD and LDD in Table 1). The 
second version was a multi-pass deformation with constant 
velocities V1 = 0.6 mm/s and V0 = 0.5 mm/s, which repeated 
until the fracture happens, see processes multi-pass laser 
dieless drawing (MLDD) and multi-pass dieless drawing 
(MDD) in Table 1. The effectiveness of the multi-pass pro-
cess was estimated as the ratio of the maximum strain in it 
concerning the strain achieved in a single-pass process. The 
MLDD processes for MgCa0.8 and MgNi19 alloys proved 
to be the most effective. All MDD processes appeared to be 
ineffective with effectiveness close to 1.0.

The application of the proposed approach to improve the 
workability of low plasticity MgNi19 alloy was considered 
next. Two series of experiments were carried out. In the first 
case, the deformation was performed in one pass (conven-
tional LDD process). Under this case, the value of V1–V0 
increased monotonically until the tube was destroyed. In 
the second case, a multi-pass deformation was performed 
(the proposed MLDD process) until the tube was destroyed. 
Figure 13 shows the results obtained for the MgNi19 alloy.

The diameter was measured 5–10 times at a distance of 
4–5 mm from the localization of the fracture in the area 
with a constant diameter along the length of the pipe. 

Fig. 11  Experimental (a) and FE simulation (distribution of K) (b) 
results of multi-stage stretching of the sample for variant 4
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Experiments were repeated 2–3 times. Strain per pass in 
Table 1 was calculated based on the measured external tube 
diameters after each pass of deformation according to the 
formula

where d0—the external diameter of the tube before pass, d1
—the external diameter of the tube after pass For calculation 
of the final strain in Table 1 d0 =D0, d1 = dfinal.

5  Discussion

To explain the experimental results, the FE simulations 
of single passes of MDD and MLDD processes were per-
formed. The FE simulation conditions corresponded to one 
pass in the process (the first row in Table 1 for MLDD and 
third row in Table 1 for MDD). The results obtained for 
MgCa0.8 and MgNi19 alloys are shown in Figs. 14 and 15.

As has been already mentioned, the fundamental differ-
ence between the two processes is in the length of the heated 
zone. The heating zone in the MDD process is several times 
larger than in the MLDD process. The corresponding cal-
culated temperature distributions are shown in Figs. 14a, d 
and 15a, d. Numerical simulations showed that the strain-
rate in the MLDD process is more than five times greater 

(5)� = ln

(

d0

d1

)

,

than in the MDD process (Figs. 14b, e, 15b, e). This occurs 
due to the much shorter deformation zone in MLDD pro-
cess (elongation in the deformation zone is carried out in a 
shorter time). The increase in the strain-rate leads to higher 
values of parameter K in MLDD process (Figs. 14c, 15c) 
which gives greater stability of the plastic deformation. This 
is probably the reason for the higher efficiency of the MLDD 
process.

On the other hand, as follows from Fig. 2, a high strain 
rate leads to a smaller value of the critical strain and greater 
values of D. As a consequence, the increase in D in one pass 
is 0.36 for MLDD and 0.325 for MDD, see Fig. 16. This 
phenomenon is observed when comparing the maximum 
possible deformations in single-pass DD and LDD processes 
for the MgCa0.8 alloy. In the LDD process, the maximum 
strain value was 0.37 (line 2 in Table 1), whereas this value 
for the DD process was 0.51 (line 4 in Table 1). Thus, for 
achieving greater workability in a single pass process, the 
DD process is more efficient.

This factor, however, in multi-pass processes (MLDD and 
MDD) is compensated by the restoration of the plastic prop-
erties of the material between passes and better deformation 
stability at large K. For this reason, the MLDD process is 
more efficient than the DD when the conditions described 
in the paper are applied.

During the dieless drawing of copper, the absence of a sub-
stantial hardening zone on the stress–strain curve (Fig. 1e, f) 
is an additional negative effect on the process stability. In the 

Table 1  Tests conditions and results of experiments

No. Material Process V1–V0, mm/s Number of 
passes

Strain per pass D0, mm dfinal, mm Final strain Tempera-
ture, °C

Effectiveness

1 MgCa08 MLDD 0.1 7 0.14 5.5 2.0 1.01 300 2.7
2 MgCa08 LDD 0.1–0.5 1 0.37 5.5 3.8 0.37 300 –
3 MgCa08 MDD 0.1 3 0.18 5.5 3.25 0.53 300 1.04
4 MgCa08 DD 0.0–1.5 1 0.51 5.5 3.3 0.51 300 –
5 MgNi19 MLDD 0.1 5 0.11 5.5 3.1 0.57 350 2.0
6 MgNi19 LDD 0.1–0.4 1 0.29 5.5 4.1 0.29 350 –
7 Cu MDD 0.2 3 0.10 5.0 3.65 0.31 750 0.94
8 Cu DD 0–2.5 1 0.33 5.0 3.6 0.33 750 –

Fig. 13  Tubes from MgNi19 alloy after conventional laser dieless drawing process (1) and proposed process (2); A—initial section of the tube; 
B—section before fracture in the conventional LDD process; C—section before the fracture in the MLDD process
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FE simulation (Fig. 17), this is manifested in a wave-like dis-
tribution of strain rate (Fig. 17b) and K (Fig. 17c) along the 
length of the deformation zone, which corresponds to the non-
monotonicity of the curve in Fig. 3c. For these reasons, multi-
pass and single-pass dieless drawing processes of copper have 
led to the same workability (lines 7 and 8 in Table 1). Thus, the 
theoretical prognoses and experimental results confirmed the 
earlier conclusion that copper is material, for which it is more 
difficult to achieve conditions in which a multi-pass process is 
more efficient than a single-pass.

6  Conclusions

This paper is dedicated to the study of dieless drawing 
processes with the purpose to improve the workability of 
processed materials. As a method for improving work-
ability, it is proposed to use the multi-pass dieless draw-
ing. The results indicate that in the multi-pass process of 
dieless drawing by a rational choice of strain in each pass, 
it is possible to increase workability (the final strain of 

Fig. 14  Results of the simula-
tion of the multi-pass dieless 
drawing process (MDD) for 
MgCa0.8 (a–c) and MgNi19 
(d–f) alloys: a, d temperature, 
b, e strain-rate; c, f parameter K 
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the material to fracture) by more than two times. This is 
achieved through the application of processing conditions 
under which the plastic deformation is more stable. Using 

FE simulation and experiments it was found that a multi-
pass dieless drawing process with laser heating allowed 
for more effective increases of workability of the material 

Fig. 15  Results of the simulation of the multi-pass laser dieless drawing process (MLDD) for MgCa0.8 (a–c) and MgNi19 (d–f) alloys: a, d 
temperature, b, e strain rate; c, f parameter K 

Fig. 16  Results of the simula-
tion of the ductility parameter 
D for LDD (a) and DD (b) 
processes for MgCa08 alloy
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compared to the conventional dieless drawing. The reason 
for this is the higher strain-rate in the deformation zone 
in the laser dieless drawing that leads to greater stability 
of the plastic deformation. This is a previously unknown 
advantage of laser dieless drawing compared to the con-
ventional dieless drawing process. The proposed method 
of improving workability shows greater effectiveness for 
materials with high strain and strain rate sensitivity of the 
flow stress. From this point of view, the most promising 
materials were magnesium alloys, the least—pure copper. 
These results do not rule out the influence of other fac-
tors on workability during multi-pass dieless drawing pro-
cesses, which will require further study. This is especially 
true for predicting the restoration of mechanical properties 
between passes.
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