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Abstract

Modelling of the manufacturing process of thin wires made of MgCa08 alloy is described in the paper. This process is
composed of 25 drawing passes in heated dies for initial wire diameter of 1.0mm and final diameter of 0.1mm. Parameters
of the drawing process were chosen in such a way that complete recrystallization of the wire occurred in all passes. The
model of static recrystallization (SRX) for MgCa08 alloy was developed to enable design of the drawing process. The pa-
rameters of the model were determined on the basis of stress relaxation tests. The tests were performed on GLEEBLE
3800 physical simulator for three temperatures 250, 300, 350°C and three strains 0.1, 0.2 and 0.3.

SRX model was implemented into Drawing2d software, which allows simulation of drawing processes in heated dies.
Two variants of drawing process were simulated. In the first variant all passes were performed with the die temperature of
350°C. In the second variant every second pass was carried out with the die temperature of 21°C. The verification of simu-
lations was done on the basis of microstructures observed in experiments. The paper aims at showing that the model can
predict correctly the final microstructure.

Performed experiments and numerical simulations showed that contribution of the dynamic recrystallization is small
and it may be neglected in simulation of multi-pass hot drawing of MgCa08 alloy. The results of simulations of the SRX
showed that in this process only every second pass has to be realized in a hot die. After each cold pass the hot pass is re-
quired in order to restore the plasticity by recrystallization.
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1. INTRODUCTION

Due to their numerous advantageous properties
magnesium alloys have been in the scope of interest
of scientists for a few decades. Several publications
dealing with forming of these alloys have appeared,
see (De Pari et al.,, 2010; Kawalla & Stolnikov,
2004). Aerospace and automotive industries are
constantly seeking for more advanced materials
characterized by high strength-to-density ratio, the
requirements of which Mg alloys can easily meet.
These alloys are frequently used in the automotive
industry. Since they can reduce the weight of the
component by 70% compared with the steel part and
about 30% in case of aluminium components, mag-
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nesium alloys seem especially interesting (Mordike
& Ebert, 2001). Ambrozinski et al. (2016) investi-
gated the possibility of manufacturing car body parts
made of AZ31 alloy. Analysis of the published re-
search shows that there are still many problems as-
sociated with processing of Mg alloys. First of all, it
has to be stated that manufacturing should be carried
out at elevated temperatures, where these alloys
have better plastic properties. Thus, despite of
a large potential, the technology based on Mg alloys
processing is still complicated and expensive. As
stated in (Milenin et al., 2011), prediction of worka-
bility as a function of process parameters is crucial
for the reliability of numerical modeling being used
as a support for the technology design.
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Due to their good biocompatibility, Mg alloys
containing calcium open a new wide range of appli-
cations in bioengineering. Authors of the present
paper have for some time been involved in the re-
search on in research on manufacturing of thin wires
made of MgCa08 alloy (Milenin & Kustra, 2013a).
The general objective of the present work is an ap-
plication of modeling of microstructure evolution to
design the best manufacturing technology for these
wires based on multipass drawing. This manufactur-
ing technology involves the wire heating prior to
drawing and during drawing, which allows for mul-
ti-pass process without additional intermediate an-
nealing (Milenin & Kustra, 2013a). The key prob-
lem, solved in this drawing technology, is restoration
of plasticity of the Mg alloy after each pass. Condi-
tion for the restoration of plasticity is a complete
static recrystallization (SRX) of the material after
the pass in progress (Milenin & Kustra, 2013b).
Therefore, determination of parameters of multi-pass
drawing (single deformation per pass, temperature of
processing zone in the drawing device, drawing
speed) should be set in such a way that before the
subsequent drawing pass the wire material is fully
recrystallized. It is expected that numerical simula-
tion of thermal, mechanical and microstructural phe-
nomena in the investigated process should allow
determination of such conditions of this process.
Therefore, thermal-mechanical finite element (FE)
model of the wire drawing process in heated dies
was proposed by Milenin et al. (2014a) and Milenin
et al. (2014c). The model was based on the general
FE software Drawing2d for the simulation of the
wire drawing (Milenin et al., 2014a). This model
predicts strain and stress distribution as well as tem-
perature changes during the process. Prediction of
microstructure evolution is additionally needed to
enable design of the multi pass drawing process in
which recrystallization is completed in each in-
terpass. An attempt to use the cellular automata
(CA) method for modelling static recrystallization in
Mg alloys was proposed by Svyetlichnyy et al.
(2015). That study showed that determination of the
influence of the scale factor on the rate of dynamic
recrystallization (DRX) for wire with a diameter less
than 0.1 mm is possible. On the other hand, the pro-
posed CA model is so complicated in calibration
and optimization that its practical application is not
efficient enough. Therefore, in the present paper the
model of SRX was based on JMAK approach (John-
son & Mehl, 1939;Avrami, 1939; Kolmogorov,
1937). The idea of the time for 50% recrystallization

proposed by Sellars (1979) was used. The advantage
of this approach is the simplicity of the model, high-
speed calculations and easy calibration.

As it was shown by Milenin et al. (2014b), vol-
ume fraction of dynamic recrystallization in the in-
vestigated drawing process is about 4%. That is why
DRX was not taken into account in the present work.
The general aim of the present study was develop-
ment, calibration and experimental verification of
the static recrystallization model based on JMAK
approach modified by Sellars (1979) for wire draw-
ing process of MgCa08 alloy.

2. NUMERICAL MODEL OF THE DRAWING
PROCESS IN A HEATED DIE

The complete model used in this work was com-
posed of metal flow FE model, thermal FE model,
conventional damage criterion and JMAK micro-
structure evolution model. All these four compo-
nents of the model are described briefly in Chapter
2.

2.1. Thermal-mechanical FE model

The solution of boundary problem was obtained
using variational principle of rigid-plastic theory
(Milenin et al., 2014a). The stationary formulation
of axisymmetric boundary problem was used. The
strain tensor &; was calculated by integration of
strain rate tensor along the flow lines.

Thermal problem in metal was solved by apply-
ing the following method. The passage of a wire
section through the deformation zone was simulat-
ed. For this section, the non-stationary heat transport
problem was examined at each time step:

ot 1ot dt
A—+——|+0,=cp— 1
[81’2 r@rj Qu=cp dr )

where: ¢ is the temperature, O, =0.95§ is the de-

formation power, ¢ is the flow stress,& is the

effective strain rate, ¢ is the specific heat, p is the
alloy density, 7 is the time and A is the thermal
conductivity coefficient (for MgCa08 alloy: ¢ =
(1013.4+0.4411) J/kgK, p = (1741.4-0.173¢)
kg/m?, 1 = (156.32-0.023r) W/m’K. The depend-
ence of the thermal conductivity, specific heat and
density on temperature is obtained by approxima-
tion of the literature data for pure magnesium
(Friedrich & Mordike, 2006).

- 482 -



INFORMATYKA W TECHNOLOGI MATERIALOW

Heat exchange between the alloy and the die is
defined as:

Qeoe = (1 1,) )

where: ¢, is the heat flux due to convection, ¢, is
the ambient temperature which is either die surface
temperature at the contact zone ¢4, obtained from
temperature calculation in the die (synthetic dia-
mond) or surrounding air temperature f,,, ¢ is the
heat exchange coefficient (between tool and wire: &
= 2000 W/m’K, between wire and air: a= 120
W/m’K)(Pietrzyk, 1992).

The model of temperature distribution in the die
was based on the two-dimensional solution of Fouri-
er equation (1) in the cylindrical coordinate system.
The results of temperature measurement at the hot
drawing die were used as the boundary conditions.
The thermocouples and the electronic system of the
temperature control were used for this measurement.

Since preheating of the billet before the defor-
mation zone (zone L, in figure 1) in the developed
device is possible, the module for calculation of the
billet temperature in this zone was added to the
model of wire drawing. The length of heating zone
Ly was 150 mm. The preheating model was based on
the solution of equation (1) for one-dimensional non
stationary problem. Initial data for this model are the
temperature in the zone of heating (it is assigned
according to the results of measurements) and the
time required to move the billet through this zone (it
depends on the length of the zone and the velocity of
wire drawing). After deformation in hot die the wire
moves to the zone L, (figure 1) in which the temper-
ature is still high. The length of this zone is approx-
imately equal to 14 mm. Then the wire moves to the
cooling zone L, with length 100 mm (figure 1).

Fig. 1. Set of tools for drawing process in the heated die: Ly —
pre-heating zone, L\ — high temperature zone, L, — cooling zone.

2.2. Critical damage failure criterion

The key parameter representing fracture is called
critical damage failure criterion ¥ and it is given by
the following equation:

Y (k)

where: ¢ - effective strain, kf — triaxiality factor,

k. =o0,/0, O, —mean stress.

!
Effective fracture strain 8f(kf,t,§ ) was ob-

tained as follows:
&, (kt,8) = d exp(~dk, Jexp(df)Eh  (4)

where: d;- d, — empirical parameters.

Algorithm used to determine parameters of
equation (4) was based on tensile and upsetting tests.
Details of this algorithm were presented by Milenin
& Kustra (2013b). The following values of coeffi-
cients were obtained for the temperature interval 20-

400°C, kf interval 0.3-0.5 and strain rate interval

0.01-2 s: d, = 0.446, d, = 1.2393, d; = 4.46x107,
d, = -0.007366. Equations (3) and (4) were used in
an incremental manner:

j‘ § m=m _ g_(m)
= | —— iT ~ —_—
v ng-(kf,t,f) m=1 8f(kf,l,f)

In this form the fracture model could be used to
predict potential failure in a single pass. When the
multi-pass process is applied, the restoration of plas-
ticity takes place in the preheating zone.

Failure criterion for multi-pass processes is pre-
sented below. It is assumed that the restoration of
plasticity in the preheating zone L, high temperature
zone L, and during cooling after pass is proportional
to the static recrystallization according to the follow-
ing equation:

AT™ (5)

) =y ) (1 _ AXéZ,){) (6)

(m)

where: m is the number of time step and AX g is

the statically recrystallized volume fraction in the
step m.

In the deformation process the value of ¥ in-
creases according to equation:

o, EmA L™
() zm)

(m+1) —

(7

7
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Described critical damage failure criterion was
implemented into the FE software and used to eval-
uate plasticity of wires after subsequent passes.

2.3. Critical damage failure criterion.

Conventional model that characterizes the phe-
nomena which occur in metallic materials during hot
deformation uses equations describing recrystalliza-
tion and grain growth. Kinetics of SRX is usually
described by JIMAK model (Johnson, Mehl, Avrami,
Kolmogorov). The model which was developed for
kinetics of phase transformations in general, has
been adapted to the phenomenon of recrystallization
by Sellars (1979):

X =1-exp| ¢, [ij ®)

Tos

or in the incremental form:

A

AX gy =0 )
T9.95
where
1

B ln(0.05) n 0
Toos = Tos B (10)

4
Tys =€ Dexp (%) (11)

Deformation in equation (11) is determined by
taking into account the increase due to geometric
deformation and softening associated with static
recrystallization:

gm) _ g(’")(l—AXéﬁ))()+ EMALM  (12)

Described SRX model contains coefficients
which were determined on the basis of stress relaxa-
tion tests presented in the next Chapter.

3. EXPERIMENTAL STUDY PERFORMED
FOR IDENTIFICATION OF THE SRX
MODEL FOR MGCA08 ALLOY

Properties of MgCa08 (Mg 99.2 wt.%,
Ca 0.8 wt.%) were studied with physical simulator
GLEEBLE 3800. Stress relaxation tests (Karjalainen
& Perttula, 1996) were carried out. During the tests,
specimen was heated from the room temperature to
the temperature of deformation with the rate of

20 °C/s, then kept at this temperature for 5 s and
deformed with the rate of 1 s™ to preset strain. After
deformation, the specimen was still kept between the
fixed dies at the same temperature. The strain rate
dropped to the value near zero and stress decrease
due to relaxation was measured. Nine tests were
performed with all variants of three temperature
values of 250, 300 and 350 °C and three values of
strain 0.1, 0.2 and 0.3.

Selected stress relaxation curves for the investi-
gated alloy are shown in figure 2. Measured stress
was used for the analysis of the relaxation. Analysis
of stress changes as a function of time eliminates the
effect of recovery, thus making it possible to evalu-
ate static recrystallization, see (Karjalainen & Perttu-
la, 1996) for details. The kinetics of recrystallization
obtained from stress relaxation tests are shown by
solid lines in figure 3. These data could not be used
directly in the FE model of the drawing process.
However, they could be used to perform calibration
of the model of static recrystallization. Coefficients
¢ and n in equation (10) were determined using the
stress relaxation data and the following values were
obtained: ¢; = 6.0932x10°, ¢, = 0.61466, c; =
43559.55, ¢4 = -0.6095, n = 0.5697. The calculation
results of kinetics of recrystallization with the use of
the model with optimized coefficients are shown by
dashed lines in figures 3 and 4. Relatively good
agreement with the experimental data was obtained.
As it is seen in figure 3, the time for full static re-
crystallization in temperature 350°C is very short
and is equal to 4 seconds for strain equal to 0.2. So
in this case the fully recrystallization occurs in wire
because time of heating in L, zone is equal to 15
seconds. For lower temperature 300°C time for full
recrystallization is about 18 s and in that case full
wire recrystallization in Ly zone is impossible.

180 I

[ I I

S 160 —— ———Td=250_eDot=1_Eps=0.2

4 140 ——Td=300_eDot=1_Eps=0.2

[

& 120 ——Td=350_eDot=1_Eps=02 |-

\\
100 I~

> N : \ |
: e |

0.005 0.05 0.5 5 50 500

Time, s

Fig. 2. Stress relaxation curves for strain 0.2 and temperatures
250, 300 and 350°C.
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Fig. 3. Changes of the recrystallized volume fracture in time for
various temperatures and for the strain of 0.2. Solid lines -
experimental data from stress relaxation tests, dashed lines —
predictions of the numerical model of static recrystallization.
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Fig. 4. Dependence of the time T, s on strain (before recrystal-

lization) for temperatures 250, 300 and 350'C for the MgCa08
alloy. Solid lines - experimental data from relaxation tests,
dashed lines - values calculated from equation (11).

4. RESULTS OF NUMERICAL SIMULATION

The considered process consisted of 25 passes
with initial wire diameter of 1 mm and final diame-
ter of 0.1 mm. Diameters of wire after particular
passes are shown in table 1. The temperature of the
die was 350°C and drawing speed was set as 10
mm/s. Figure 5 presents the results of simulation of
multi-pass process. Change of wire temperature is
plotted in figure 5a. The performed simulations
proved that wires with lower diameter need less time
to heat to the temperature of heating zone. Addition-
ally, increased value of cooling speed (in cooling
zone L,) of the wire after each pass is the result of its
smaller diameter. Figure 5b shows volume fraction
of SRX. Recrystallization consists of two steps. First
is recrystallization in heating zone Lo. The second
step occurs after deformation in high temperature
zone L;. Simulations show that recrystallized vol-
ume fraction after deformation is higher for a wire
with larger diameter. Such a wire is cooled more

slowly than a thin one. Values of strain and ductility
function during the process are shown in figures Sc¢
and 5d. It can be observed that the maximum value
of ductility function is 0.16.

Table 1. Schedule of multi-pass drawing of MgCa08 alloy

Pass| 1 2 3 4 5 6 7 8 9
rr?ril 0.913(0.833{0.761(0.694{0.634{0.579(0.528(0.482(0.440
Pass| 10 | 11 12 | 13 14 | 15 16 | 17 | 18
rr?ril 0.402{0.367{0.335[0.306{0.279{0.255(0.233(0.212(0.194
Pass| 19 | 20 | 21 | 22 | 23 | 24 | 25

rr?ril 0.177{0.162{0.147(0.135{0.123(0.112| 0.1

D — diameter of the wire after the pass.

In the second simulation the 21st pass was car-
ried out at room temperature. Simulation results of
the process are depicted in figure 6. It shows that the
maximum value of ductility function is in a save
area and is less than one.

The obtained simulation results of the second
variant of drawing show that one hot drawing pass is
required to restore plasticity. Thus, it is possible to
replace every second pass in the drawing schedule
by a cold pass. However, after each cold pass the hot
pass is necessary. After one cold pass the value of
ductility function reaches the value of 0.622 which
means that the subsequent cold pass without inter-
mediate annealing could cause breaking of the wire.

5. EXPERIMENTAL STUDY PERFORMED
FOR VALIDATION OF THE SRX MODEL
FOR THE MGCA08 ALLOY

The experimental analysis, which included the
multi-pass drawing process in hot dies, was per-
formed on the laboratory experimental stand de-
scribed by Milenin and Kustra (2013a). The aim of
this set of experiments was to verify the obtained
results of numerical modelling of the recrystalliza-
tion.

5.2. Experimental setup

Details of the experimental setup are described
by Milenin and Kustra (2013a). Main features of this
setup are given below for completeness of this pa-
per. The experimental stand consists of motor with
spool, furnace with drawing die, unrolling system
and temperature regulation system (figure 7).
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Fig. 5. Results of simulations for drawing velocity 10 mm/s and temperature in the heating zone 350°C: a) temperature changes of the
wire, b) statically recrystallized volume fraction, c) physical deformation, d) ductility parameter.
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Fig. 6. Results of simulations for drawing velocity 10 mm/s and temperature in heating zone 350 °C during all passes except pass 21: a)
temperature changes of the wire, b) statically recrystallized volume fraction, c) physical deformation, d) ductility parameters.
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s

Fig. 7. Experimental setup for drawing process in heated die: 1 — motor with spool, 2 — furnace with die, unrolling spool, temperature

regulator.

5.3. Results of experiments

The objective of the experiments was the valida-
tion of empirical model of static recrystallization.
The comparison of microstructures of wire with
model results was qualitative but not quantitative.
Figures 7-10 present the wire microstructure at vari-
ous stages of drawing process. The microstructure of
MgCa08 alloy consists of matrix and precipitates of
Mg,Ca (dark points).

a)

Drawing direction —>

b)

Xst

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0 &
10 20 30 40 50 60

Time,s

Fig. 8. The microstructure of the wire after the first pass at the
moment marked by red dot (a) and values of calculated recrys-
tallized volume fraction (b), diameter of the wire was equal to
0.913mm and the temperature was 350°C.

a)

AR oo £¥1
. Drawing direction

b)
= M
2
0.9
0.8 i
0.7 |
0.6
0.5
0.4 i
0.3
0.2
0.1
0 Time s
810 820 830 840 850 860 870

Fig. 9. The microstructure of the wire after 20 passes at the
moment marked by red dot (a) and calculated recrystallized
volume fraction (b), the diameter of the wire was equal to
0.162 mm.

The microstructures in figures 8a, 9a, 10a and
11a correspond to the red dots in figures 8b, 9b, 10b
and 11b, where X, dependency on time is shown.

Figure 8 shows the microstructure of wire after
the first pass. The microstructure contains fully re-
crystallized and equiaxed grains. It can be also seen
that there was not enough time for grain growth.
Simulation results also indicate full recrystallization.
Figure 9 shows the microstructure of the wire after
20 passes. In this case the microstructure consists of
grains with different size and twin boundaries are
visible, as well. The recrystallization is not complet-
ed and results of simulation also show that recrystal-
lized volume fraction is about 70%.
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In figures 10 and 11 microstructures of the wire
after 21th pass realized at temperature 350°C and at
room temperature respectively are shown. The mi-
crostructure of the wire obtained in a hot drawing
pass includes bigger and elongated along drawing
axis grains and aggregation of fine grains. Fine
grains could be the result of recrystallization. The
big grains are bigger than grains in the initial micro-
structure before drawing (figure 9), thus they could
be an effect of grain growth process.

a)

Drawing direction —>

b)

Kst

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2
0.1

0 & L &

830 850 870 890 910 930

Time,s

Fig. 10. The microstructure of the wire after 21 passes at the
moment marked by red dot (a) and calculated recrystallized
volume fraction (b), the diameter of the wire was equal to
0.147 mm, temperature of drawing was 350 °C, velocity of
drawing was 10mm/s.

The microstructure after cold pass is shown in
figure 11. The grains are elongated in drawing axis
direction (comparing to microstructure presented in
figure 9) with visible twin boundaries, which gives
evidence for the lack of recrystallization in the wire.
The results of simulations prove this conclusion. So
the next pass should be done in high temperature in
order to restore the plasticity of the wire. The final
product of proposed technology is wire with diame-

ter 0.1 mm which is presented in figure 12. After
drawing process this wire was moved through heat-
ing zone Ly. In this case microstructure of wire is
common to this presented in figure 10.

a)

Drawing direction —>»

b)

- 1
20.9
0.8
0.7 [
0.6 4
0.5
0.4 3
0.3
0.2 L
0.1

0

830 850 870 890 910 930
Time,s

Fig. 11. The microstructure of the wire after the 21st pass at the
moment marked by red dot (a) and calculated recrystallized
volume fraction (b), the diameter of the wire was equal to
0.147 mm, temperature of drawing was 21°C, velocity of draw-
ing was 10mm/s.

Fig. 12. The microstructure of the wire after the 21st pass
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The results of mathematical and physical model-
ling allow to conclude that the forecast of recrystal-
lization corresponding to physical process is within
the permissible error. As it is shown in figure 8, the
microstructure after drawing in a heated die has fully
recrystallized grains and the SRX model predicts full
recrystallization. Regimes of drawing, which allow
to obtain a wire with a diameter of 0.1 mm, were
proposed on the basis of the developed model. In
consequence, the microstructure of wires was char-
acterized by fully recrystallized grains with renewed
plasticity.

5.4. Summary

The dynamic recrystallization was not consid-
ered in the model. This phenomenon could be ne-
glected because the volume fraction of dynamically
recrystallized material in the whole process was
lower than 4%. The simulations performed with the
static recrystallization model showed that in the hot
drawing process the grains are fully recrystallized.
Moreover, plasticity of material after each pass car-
ried out in high temperature was successfully re-
stored. It means that only one hot pass is necessary
after cold pass to restore the plasticity. It leads to the
design of technology in which only every second
pass in a drawing schedule must be performed in hot
dies. The aim of these hot passes is to restore the
plasticity by recrystallization process after drawing
the wire in a cold die.

6. CONCLUSIONS

Performed experiments and numerical simula-
tions allowed to draw the following conclusions:.

1. Literature review has shown that dynamic recrys-
tallization may be neglected in simulation of mul-
ti-pass hot drawing of MgCa08 alloy since the
percentage contribution of the DRX in this pro-
cess is lower than 4%.

2. The proposed model of static recrystallization in
multi-pass drawing process allows to predict the
effect of SRX on restoring the plasticity and to
calculate the critical values of ductility function
during the process.

3. The results of simulation showed that in a multi-
pass drawing process only every second pass has
to be realized in a hot die. After each cold pass
the hot pass is required in order to restore the
plasticity by recrystallization.
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FIZYCZNE 1 MATEMATYCZNE MODELOWANIE
PROCESU REKRYSTALIZACJI STATYCZNEJ
PODCZAS CIAGNIENIA W PODGRZEWANYCH
CIAGADLACH DRUTOW ZE STOPU MAGNEZU
MgCa08

Streszczenie

Praca poswigcona jest modelowaniu numerycznemu procesu
ciagnienia cienkich drutéw ze stopu magnezu MgCa08. Opisywa-
ny proces sklada si¢ z 25 przepustow wykonanych w goracych
ciagadtach przy poczatkowej srednicy drutu 1 mm oraz koncowej
0.1 mm. Parametry procesu ciggnienia dobrano w taki sposob, by
W czasie ciggnienia zachodzita petna rekrystalizacja. Dlatego
konieczne bylo opracowanie modelu rekrystalizacji statycznej
(SRX). Parametry modelu SRX okreslono na podstawie badan
relaksacji, ktore zostaly wykonane na symulatorze GLEEBLE
3800 dla trzech réznych temperatur 250, 300, 350 °C i trzech
wartosci odksztatcenia 0.1, 0.2 oraz 0.3.

Model rekrystalizacji statycznej zostal zaimplementowany do
oprogramowania Drawing2D, ktére umozliwia symulacje procesu
ciagnienia w podgrzewanych ciggadtach. Wykonano dwa warian-
ty symulacji procesu ciagnienia. W pierwszym wszystkie przepu-
sty w procesie ciggnienia zostaly wykonane w temperaturze
350 °C, w drugim za$ jeden z przepustow wykonano w temperatu-
rze pokojowej. Weryfikacja modelu rekrystalizacji zostata wyko-
nana w oparciu o zdjecia mikrostruktur drutéw po procesie cia-
gnienia.

Przeprowadzone badania do$wiadczalne i symulacje nume-
ryczne wykazaty, ze udzial rekrystalizacji dynamicznej w bada-
nym procesie jest niewielki i moze ona zosta¢ pominigta w mode-
lu. Wyniki symulacji rekrystalizacji statycznej pokazaly, ze
W procesie wielostopniowego ciggnienia drutow ze stopu MgCa08
wystarczy, jezeli co drugi przepust jest wykonywany w podgrze-
wanym ciggadle. Po kazdym przepuscie w temperaturze otoczenia
wymagany jest przepust w podgrzewanym ciagadle.

Received.: November 19, 2015
Received in a revised form: March 8, 2016
Accepted: March 24, 2016

58]
O
Z
=
O
%]
%]
-
<
&2
=
<
=
Z
%)
[a)
©)
I
B
=
o
28]
=
2
<=
=
o}
&)

-491 -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


