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THE PHYSICAL AND NUMERICAL MESOSCALE MODELING OF COLD WIRE DRAWING PROCESS OF HARDLY
DEFORMABLE BIOCOMPATIBLE MAGNESIUM ALLOYS

FIZYCZNE I NUMERYCZNE MODELOWANIE W MEZO SKALI PROCESU CIĄGNIENIA NA ZIMNO TRUDNO
ODKSZTAŁCALNYCH STOPÓW MAGNEZU O PODWYŻSZONEJ BIOZGODNOŚCI

The problem of determination of the cold low diameter wire (diameter less than 0.1mm) drawing process parameters
for hardly deformable biocompatible magnesium alloys by using the mathematical mesoscale model is described in the paper.
The originality of the considered alloys (MgCa0.8, Ax30) is the intergranular fracture mechanism associated with small strains
(0.07-0.09). In previous authors works it was proven that the material state directly before appearance of the microcracks is in
the optimal state from the point of view of the recovery of the plasticity by annealing. The forecasting of this material state in
drawing process requires the development of the model of intergranular fracture initiation and using this model in two cases:
– modeling of the in-situ tests, what allows calibrating and validating of the model;
– modeling of the drawing process, what allows optimizing of the drawing parameters.

A new model of the microcracks initiation in mesoscale using the boundary element method is proposed. The in-situ
tests, which allowed observing the microstructure evolution during deformation, are used for the calibration and validation
purpose. The model was implemented into self-developed FE software Drawing2d, which is dedicated to the drawing process.
The results of mesoscale simulation were verified by the experimental drawing process of 0.07 mm diameter wires according to
developed technology. It was shown by analysis of microstructure that the model allows forecasting the microcracks initiation
during the wire drawing process.
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W artykule rozpatrzono problem wyznaczenia parametrów ciągnienia na zimno cienkich drutów (o średnicach mniej-
szych 0.1 mm) z nisko plastycznych stopów magnezu za pomocą matematycznego modelu w skali mezo. Osobliwością utraty
spójności rozpatrywanych stopów (MgCa0.8, Ax30) jest dominujący mechanizm pękania po granicach ziaren oraz powsta-
wanie mikropęknięć przy małych odkształceniach (rzędu 0.07-0.09). W poprzednich pracach Autorów [1] udowodniono, że
stan materiału bezpośrednio przed powstaniem mikropęknięć jest optymalny z punktu widzenia odnawiania plastyczności w
procesie wyżarzania. Prognozowanie takiego stanu materiału w procesie ciągnienia wymaga opracowania modelu powstawania
mikropęknięć po granicach ziaren i wykorzystania tego modelu w dwóch trybach:
– modelowanie testów in-situ, co pozwala na kalibrację i walidację modelu;
– modelowanie procesu ciągnienia, co pozwala na optymalizację jego parametrów.

Zaproponowano nowy model powstawania mikropęknięć w skali mezo, oparty o metodę elementów brzegowych. Do
kalibracji i walidacji modelu wykorzystano badan in-situ, pozwalające na bezpośrednią obserwację mikrostruktury podczas
odkształcenia. Opracowany model zaimplementowano do Autorskiego programu MES Drawing2d dedykowanemu procesowi
ciągnienia. Wyniki symulacji w skali mezo zweryfikowano na podstawie eksperymentalnego ciągnienia drutów o małych
średnicach (do 0.07 mm) zgodnego z opracowaną technologią. Na podstawie analizy mikrostruktury wykazano, że opracowany
model pozwala przewidywać powstawanie mikropęknięć w procesie ciągnienia.

1. Introduction

Magnesium alloys which have high biocompatibil-
ity and solubility in the human body can be used to
produce a new generation of surgical sutures [1-3]. Typ-
ically, these alloys contain lithium and calcium elements.

Drawback of these alloys is a low technological duc-
tility in cold forming. As it was shown in the previous
works [4-5], formability of these alloys during cyclic
processes, based on a combination of cold deformation
and annealing, is significantly lower than for most com-
mon magnesium alloys. The reason of this is presented

∗ AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, DEPARTMENT OF APPLIED COMPUTER SCIENCE AND MODELLING, 30-059 KRAKÓW, 30 MICKIEWICZA AV., POLAND



1118

in [6]. In studied alloys, during cold deformation there
are hairline fractures on the grain boundaries long before
the fracture in the macro scale occurs. These cracks con-
siderably obstruct plasticity restoration due to annealing
while the alloys may have characteristics of plasticity in
the standard tests for fracture, comparable with known
Mg alloys.

One way to solve the problem is proposed in the
works [7-9]. It is based on drawing in a hot die. Those
studies shown that this method is effective for wire with
diameter bigger than 0.1 mm. Obtaining of a small di-
ameter wire from Mg alloys is difficult because of the
strong sensitivity of the process to drawing speed. An-
other disadvantage is that lubricant cannot be used in
case of medicine application. Thus the solution of listed
problems requires in-depth study of cold-drawn of these
alloys.

This observations lead to the conclusion that a nu-
merical model of the wire drawing process, especially of
magnesium alloys, should take into account the mech-
anism of fracture on the grain boundaries. Moreover, a
very important factor in optimizing the drawing process
is the occurrence of the first micro-crack [10].

The aim of this work is to determine the schedule
(forming diagram) of the cold drawing of thin wires (di-
ameter less than 0.1 mm) with the help of a multi scale
modeling of cold wire drawing process and experimental
validation of the obtained results.

2. Mechanism of deformation and fracture

As a material for the study MgCa08 (0.8% Ca
99.2%Mg) and its modification Ax30 (0.8%Ca, 3.0%Al,
96.2% Mg) were selected. Technique research of fracture
mechanism based on tension sample in vacuum chamber
of a microscope was performed. Microstructure evolu-
tion and fracture on grain boundaries during tension and
shearing are being monitored.

The experiment is described in detail in the works
[6, 10] and it is shown that these alloys, unlike typical
magnesium alloys, fracture mainly on grain boundaries.
Therefore long before the moment of fracture in macro
scale in the sample appears porosity.

The deformation process will be considered on three
levels. The first level corresponds to the deformation of
the sample at the macro scale. At this level, the ap-
pearance of damage on grain boundaries will be char-
acterized by the porosity of the sample (Fig. 1,a). The
next level corresponds to the consideration of the grain
boundaries and the fracture process at these boundaries
(Fig. 1,b). Fracture processes in this case were consid-
ered as simplified modeling of deformation within the
grains. The scale of the model in this case will be called

as mesoscopic (meso) scale. The third level corresponds
to deformation inside the grains taking into account the
orientation of crystal grid, slip bands and possibility of
twinning Fig. 1,c.

Experimental studies [6, 10] showed that an inter-
granular fracture mechanism is mainly observed in the
considered alloy. For this reason, in this paper only the
models in the -macro and -meso scales are examined.
An occurrence of porosity for alloy MgCa08 is shown
in Fig. 1 in macro scale (Fig. 1,a), meso scale (Fig. 1,b)
and micro scale (Fig. 1,c).

Fig. 1. The emergence of cracks during tensile strength of alloy
MgCa08: a) on the surface of the sample in macro scale, b) the same
in meso scale, c) the same in micro scale
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Paper [6] shows that if the deformation on the cur-
rent passes does not result in appearance of micro cracks
(there was no porosity) subsequent annealing allows
restoring of plasticity. Otherwise, the effectiveness of
annealing is significantly reduced and a high degree of
deformation in multi pass process is impossible.

On Fig. 2 the change of porosity in center of sample
during tensile test of MgCa08 and Ax30 is shown. For
comparison, it also shows data for alloy Az80 used in
industry. The Fig. 2 shows that in these alloys cracks in
meso scale appear much earlier than in the typical mag-
nesium alloy AZ80. Thus, the occurrence of porosity in
the early stages of deformation is the fundamental differ-
ence between considered alloys and known magnesium
alloys. It follows from this that the development of the
drawing schedule should be made in such a way that in
every pass the occurrence of porosity is not fulfilled. To
solve this problem a multi scale model of wire draw-
ing process was proposed [6, 11]. For modeling frac-
ture processes in meso scale modified boundary element
method (BEM) was used, which allows simulating the
fracture on grain boundaries. Algorithm based on the
BEM model of inclusion in deformable matrix, which is
presented in the work [12] was used.

Fig. 2. Porosity dependence on absolute elongation of sample

3. Meso-scale mathematical model of drawing

Numerical model of drawing is based on finite el-
ement method and described in paper [13]. The digital
representation of the microstructure in proposed BEM
code is considered as a two-dimensional representative
volume element (RVE) which is divided into lattice of
grains (Fig. 3). To obtain a digital representation of the
microstructure computer program described in the paper
[14] was used. The model at the meso-scale includes the
BEM mesh generation based on images of a part of real
microstructure and numerical solution at the meso-scale
level.

The crystallographic orientation is included in the
developed program by a random parameter k, which
refers to change of elastic-plastic properties due to the
various orientations of grains.

The effective plastic modulus of the material for
each grain is calculated as follows:

Ee f f = k
σ̄

∆ε̄
(1)

where: k is the random parameter, ∆ε̄ – increment of
mean equivalent strain in grain; σ̄ – yield stress of ma-
terial in grain.

The Saint-Venant-Levy-Mises theory is used for re-
lation between stresses and increments of strains for plas-
tic deformation:

σi j = δi jσ0 +
2σ̄
3∆ε̄

∆εi j (2)

where δi j – the Kronecker delta, σ0 – the mean stress,
∆εi j – the increment of strain components.

Solution of boundary problem is based on the Kelvin
fundamental solution [15] for the two-dimensional prob-
lem and incompressible material. The solution of bound-
ary problem and fracture criteria are described in detail
in previous works [6,10].

Fig. 3. Photo of microstructure (a) and BEM mesh (b)
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The proposed criteria of crack initiation are based
on the theory by L. M. Kachanov and Y. N. Rabotnov
[16]. This theory was successfully used in [17] for mod-
eling of grain boundary cracking in the case of the de-
formation of the polycrystals, which fracture at the grain
boundaries. This model was modified in [6] to describe
the crack initiation at the grain boundary:

D =

τ∫

0

Ḋdτ = 1 (3)

Ḋ = b1

(σeq

E

)b2

(1 − D)b3 (4)

σeq =

√
σ2

n + b0σ
2
S (5)

where: D – damage parameter; E – Young module; σn
– tensile (positive) component of normal stress at the
boundary between two grains; σS – shear stress at the
boundary between two grains; b0-b3 – empirical coeffi-
cients.

In the developed model, the crack initiation is al-
lowed only for the internal boundaries. The outer bound-
aries of the domains were assigned to boundary condi-
tions, and in spite of a possible fulfillment of condition,
they cannot be damaged (3).

The determination of empirical parameter of frac-
ture model at the meso-scale is based on inverse analy-
sis of experimental data. The purpose of this analysis
is to minimize the difference between the empirical and
calculated moment of crack initiation and empirical and
calculated porosity in meso-scale of sample during de-
formation [11].

As a result of experimental data processing, shown
in Fig. 2 for alloy Ax30 received the following coeffi-
cients of equations (4) and (5): b0 = 0.02, b1 = 0.43,
b2 = 0.30, b3 = −0.50.

4. Multi-scale modelling of two regime of drawing

For the purpose of validation proposed techniques
two variants of schedule of wire drawing was proposed:

variant 1: 0.1->0.0955->0.0912->0.087->0.0831->0.0794
->0.0758 ... (elongation per pass 1.096);
variant 2: 0.162->0.147->0.135->0.123->0.112 ... (elon-
gation per pass 1.20).

Die angle in each pass was 50. Speed of drawing
was 10 mm/s and was chosen in such a way that could
enable annealing in a furnace, installed before the device
for drawing. All passages in each variant were geometri-
cally similar, that is the reason why for calculated results
of stress and strain all passageways are close. Therefore,
only simulation of first passage for each variant was per-
formed.

Fig. 4 shows the results of simulation of the first
pass for variant 1: triaxility factor σ0/σ̄ (Fig. 4,a),
σx(Fig. 4,b) and equivalent strain ε̄ (Fig. 4,c). Analogical
data for variant 2 are presented on Fig. 5. The present-
ed data show that stresses and strains in variants 1 and
2 are significantly different. From the point of view of
experience of drawing of magnesium alloys and based
on the results of the simulation in macro scale, the vari-
ant 2 is preferred, because in this case deformation is
more homogeneous and value of tensile stresses is lower
[18]. However, this refers to alloy (AZ31) without high
propensity to meso fracture in the early stages of de-
formation. Thus, if the result of the experiment show,
that preferable is variant 1, this may be the proof of
theoretical conclusions about the major impact of meso
cracks on technological plasticity.

Fig. 6 shows the distribution of strain parallel to
the direction of drawing and vertical stresses along the
centre line of the zone of deformation (this line is shown
on Fig. 4 and 5). These parameters are used as boundary
conditions for the simulation of deformation microstruc-
ture in meso scale. Results of simulation in meso scale
are shown on Fig. 7-9. As can be seen from the re-
sults, in the variant 1 there are no craks on the border
of grains. The maximum value of the parameter D for
passage amounted to 0.85 (Fig. 9,a). However in variant
2, there has been the emergence of meso cracks (Fig.
7,b) and values of D on some boundaries are 1.0. This
suggests that, in this mode, ductility restoration of al-
loy after processing will not be possible and number of
passes before the fracture of the wire will be small.
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Fig. 4. Results of simulation of the first pass for variant 1: triaxility factor σ0/σ̄ (a), σx(b) and ε̄ (c)
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Fig. 5. Results of simulation of the first pass for variant 2: triaxility factor σ0/σ̄ (a), σx(b) and ε̄ (c)
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Fig. 6. The distribution of strain in the direction of drawing (b, d) and vertical stresses along the centre line of the zone of deformation
(a, c) for variant 1 (a, b) and variant 2 (c, d)

a)

b)

Fig. 7. Results of simulation of effective strain in meso scale: a – variant 1; b – variant 2
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a)

b)

Fig. 8. Results of simulation of effective stress in meso scale: a – variant 1; b – variant 2

Fig. 9. Results of simulation of fracture parameters on grains boundaries in meso scale: a – variant 1; b – variant 2
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5. Experimental validation of results

Experimental verification of the results of calcula-
tions performed in the context described above. Experi-
ment was done using Ax30 magnesium alloy. Sunflower
oil was used as a lubricant. The temperature of draw-
ing was 30◦C. Billet was obtained by hot wire drawing
on the methodology presented in the [19]. Surface of
the workpiece does not contain defects observed in the
optical microscope.

The schema of the experimental rig, developed for
experiment is shown in Fig. 10. Thus, annealing of wire
(1) was carried out in a furnace (3) before deformation
in drawing die (2). Velocity of drawing was 10-15 mm/s.

In the variant 2 only 4 passage were possible. Af-
ter passage number 2 on the surface of the wire using
an optical microscope can observe hairline fractures on
the borders of grains. Obtained wire was fragile and
crumble when trying to tie a knot after the 2nd pass.
In Fig. 11 shows a developed network of cracks after
4 pass. Further attempts of annealing and drawing were
unsuccessful.

By using variant 1 of the drawing the wire with
much higher quality was obtained (Fig. 12), mechanical
properties which allow further drawing. Study of me-
chanical properties on INSTRON machine showed that
the Rm of wire for all passages is not changes signifi-
cantly (d = 0.0955 mm Rm = 250.7 MPa, d = 0.0758
mm Rm = 252.9 MPa).

Fig. 10. Research experimental rig for cold drawing of Mg alloys with annealing (1 – wire, 2 – drawing die, 3 – annealing furnace,
4 – control the length of the heating zone

Fig. 11. Network of cracks after the 4th pass d=0.112 mm, variant 2 (a – surface, b – section)

Fig. 12. Wire d= 0.0758 mm after drawing according to variant 1 (a – surface, b – section)
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6. Conclusions

1. It is shown that prediction of fracture on the grain
boundaries is possible in the meso scale. Prediction is
possible based on the proposed BEM model, which is
based on the averaging of the mechanical properties of
each grain depending on its orientation.

2. Prediction of the initiation of fracture using multi
scale model coincided with the results of the experiment.
Based on the developed schedule it was possible to get
the wire with diameter 0.0758 mm from Ax30 alloy by
cold drawing.
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