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To satisfy the most stringent criteria in terms of new cardiovascular stents, pure Zn was alloyed
with 1 wt pct of Mg and subsequently subjected to plastic deformation, using conventional hot
extrusion followed by multi-pass hydrostatic extrusion. A detailed microstructural and textural
characterization of the obtained materials was conducted, and mechanical properties were
assessed at each pass of deformation process. In contrast to pure Zn, hydrostatically extruded
low-alloyed Zn is characterized by a remarkable increase in strength and ductility
(YS = 383 MPa, E = 23 pct), exceeding the values needed for stents. Such behavior is
associated with a dual microstructure containing fine-grained Zn, alternatively arranged with
bands of a fragmented eutectic. Extensive grain refinement was achieved due to the process of
continuous dynamic recrystallization. Hydrostatic extrusion changes the initial (1010) fiber
texture to a (0002) and (1011) double fiber texture in which the (0002) component decreases
with each pass of hydrostatic extrusion. The gradual evolution of texture components was
simulated using a visco-plastic self-consistent model, which confirmed that, during hydrostatic

extrusion, secondary slip systems were activated involving mostly the pyramidal one.
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I. INTRODUCTION

BIODEGRADABLE metals are a new generation of
materials which may be used in medical devices to
improve patients’ lives significantly. They can be used
for producing temporary implants, which will dissolve
in a human body after completing their mission of
supporting the healing process of damaged tissue.!!
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Their degradation should proceed gradually with a
harmless response from the host in regard to corrosive
products. An example of an implant that does not
require a long-term presence in a patient’s body is a
stent. This small meshed tube used, among other
things, in cardiovascular interventions supports artery
walls and keeps the lumen open.” Specialized applica-
tion needs a number of properties such as biocompat-
ibility, a steady corrosion rate, and the appropriate
combination of mechanical strength and plasticity.!”’
Pure Zn fulfils most of the aforementioned require-
ments, which makes it a very promising material for
biodegradable stents.'* ® However, as-cast pure Zn has
poor mechanical properties (i.e., yield strength, ulti-
mate tensile strength, elongation to failure). Thus, it is
of great importance to improve the strength and
plasticity of pure Zn.

Alloying is the most frequently applied method for
strengthening biodegradable zinc, especially with ele-
ments such as magnesium, calcium or manganese.”’gl
Very promising results were obtained for hypoeutectic
Zn alloyed with Mg, where even a small addition of Mg
yielded a significant increase in the mechanical strength
of the as-cast material.'” Moreover, the addition of Mg
is justified by its excellent biocompatibility. However,
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alloying alone does not meet high criteria for application
in biodegradable implants.""" Therefore, it is often
supported by methods of conventional plastic deforma-
tion, in particular hot rolling or hot extrusion.!'*>' A
combination of these two methods yielded further
improvement in strength, but failed to deliver simulta-
neous enhancement of all mechanical properties above a
rigorous limit. Another solution lies in the use of
unconventional methods of plastic deformation.

The number of papers concerning the use of severe
plastic deformation (SPD) techniques with Zn and its
alloys is rising. Lately, equal channel angular pressing
(ECAP), high pressure torsion (HPT), the KoBo
method and hydrostatic extrusion have been pro-
posed."* 'l Hydrostatic extrusion is a technique
allowing intensive plastic deformation, but is an
unconventional SPD technique as the reduction in the
cross-section of a material during the process occurs.['®]
One of the advantages of the method is a complex
stress state due to hydrostatic pressure, which enables
even hard-to-deform materials to be processed and
crack formation to be suppressed effectively.!'”) More-
over, high deformation rates promote the accumulation
of structural defects and, in consequence, grain refine-
ment, which is of great importance in the case of Zn
and its alloys characterized by relatively low recrystal-
lization temperature. Grain refinement is determined
by true strain, which is related to the reduction in a
cross-section of a deformed material, which can be
ensured in a single or multi-pass way. Our first results
showed that hydrostatic extrusion, especially combined
with magnesium alloying, can be suitable for obtaining
materials that meet high requirements for biodegrad-
able stents.”” As shown in Reference 21, adding
different magnesium content and increasing the num-
ber of passes leads to grain refinement and strengthens
Zn-Mg alloys.

However, to determine the optimum values for
mechanical properties, further microstructure and tex-
ture investigations of hydrostatically extruded low-al-
loyed zinc are necessary. Detailed microstructural
characterization is of great significance in order to
provide a better understanding of strengthening mech-
anisms and to control the mechanical properties of
newly developed materials.

The novelty proposed in this work consists of hot
extrusion followed by multi-pass hydrostatic extrusion,
and resulted in patent applications.” In this study,
comprehensive analysis of microstructure and texture
evolution during the multi-pass hydrostatic extrusion
of low-alloyed Zn was carried out and related to
mechanical properties. The obtained results were com-
pared to metals processed by hot extrusion, as that is
the most commonly utilized method of improving the
mechanical properties of low-alloyed Zn and to pure
Zn processed by hydrostatic extrusion. That overview
allows emphasis on the effect of multi-pass hydrostatic
extrusion combined with prior hot extrusion and
magnesium addition, in order to demonstrate the
benefits of the proposed method for obtaining a
material with high mechanical properties suitable for
biodegradable stent application.
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II. MATERIALS AND METHODS

The materials used in the present study were pure Zn
and Zn with addition of 1 wt pct of Mg (Zn-1Mg alloy).
They were prepared by gravity casting using steel molds
of melted Zn or Zn and Mg (both 99.99 pct purity) in a
Naberthem N20/14 resistance furnace at 650 °C under
an argon atmosphere. In the next step, the as-cast ingots
with a diameter of 75 mm were air-cooled.

A novel method of deformation was applied to the
as-cast ingots. First, they were hot extruded (at 250 °C)
to rods of 30 mm in a diameter (extrusion ratio
R = 5.8). Subsequently, the materials were subjected
to a main plastic deformation in the form of multi-pass
hydrostatic extrusion performed in four consecutive
steps at room temperature with a cumulative true strain
(¢)®* equal to 3.6 and the final diameter of the extruded
rods being 5 mm. The materials were extruded with
pressures in the range of 225 to 295 and 430 to 505 MPa
for pure Zn and the Zn-1Mg alloy, respectively. The
reduction in a cross-section on each pass of hydrostatic
extrusion is listed in Table 1.

The hot extruded materials are considered as initial in
this paper, with the final material being produced by the
hydrostatic extrusion process. The microstructural char-
acterization of the materials was carried out on the
longitudinal (LCS) and transverse (TCS) cross-sections
to the extrusion direction (ED). It was done mainly
based on Electron Backscattered Diffraction (EBSD)
maps acquired on an FEI Quanta 3D FEG scanning
electron microscope operated at 20 kV and equipped
with an EDAX OIM TSL EBSD collecting system.
Samples for EBSD investigations were mechanically
ground, polished and finally electropolished using C1
Struers electrolyte at 25 V for 15 seconds. Data sets
obtained from the EBSD measurements in the form of
orientation maps were analyzed with TSL OIM Analysis
7 software, based on the assumption that a grain is an
area consisting of at least five pixels with the same
orientation separated from the other grains by a grain
boundary with a misorientation angle higher than
15 deg. To obtain high-quality statistics, EBSD data
were acquired with a different step and map size,
depending on the investigated material. For materials
after hot extrusion, a step of 1 um and a size of
1280 x 1280 um on the LCS and 0.4 ym and a size of
512 um x 512 um on the TSC was selected. For mate-
rials after the first pass of hydrostatic extrusion, a step of
0.2 pm and 256 ym x 256 ym was used, and for the
rest, 0.1 yum and 128 um x 128 um, regardless of the
cross-section tested. Statistical analysis was executed
only for grains indexed as belonging to a primary o-Zn
phase. Pixels with a low value of image quality (corre-
sponding to the second phase) were excluded from the
calculations based on the individual range of the image
quality parameter of a particular map. The average
grain size was determined on the basis of the weighted
average grain diameter, where the weight is area of the
grain (area fraction approach). Additionally, standard
deviation was reported for this value. The area fraction
of low and high angle grain boundaries specified as a
boundary with misorientation angle from range @ = 2
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Table I. The Cumulative True Strain and Reductions in Cross-Section on Each Pass of Hydrostatic Extrusion

Hot Extrusion 1st Pass 2nd Pass 3rd Pass 4th Pass
Cumulative True Strain (e) 0 2 2.8 3.6
Reduction (Diameter) [mm] 30 17.8 10.9 7.5 5

to 15deg (low-angle grain boundary—LAGB) and
O > 15 deg (high angle grain boundary—HAGB),
respectively, was measured as a length of individual
boundary divided by the area of the collected orienta-
tion map. Pole figures were calculated from EBSD data.
The texture analysis of the initial material was per-
formed using high-energy synchrotron X- ray radiation
at DESY Hamburg Germany, using a beam line PO7B
(87.1 keV, 2 = 0.0142342 nm).*¥

Transmission electron microscopy (TEM) observa-
tions were also carried out in bright-field (TEM/BF)
mode together with the acquisition of selected area
electron diffraction (SAED) patterns with the use of an
FEI Tecnai G2 200 kV FEG microscope. Indexing of
SAED patterns was done using CSpot software.[*> The
samples for TEM investigations were electropolished at
30 V, employing a TenuPol-5 electropolishing machine
and using an electrolyte consisting of perchloric acid
(5 pct) and ethanol, cooled down to — 30 °C.

The uniaxial static tensile tests were carried out on a
Zwick/Roell Z250 kN machine, at a constant strain rate
of 8 x 1072 s™! on cylindrical samples (three samples
for each material condition) with a length to diameter
ratio of 5:1.

In this study, a visco-plastic I model was used to
investigate the evolution of texture during the deforma-
tion of Zn-1Mg alloy. Slip systems such as three basal
(0001)(1120), three prismatic {1010}(1210) and six
pyramidal second order {1122}(1123) (z?) slip systems
were investigated. The critical resolved shear stress for
the investigated slip systems were 75 = 1.5 MPa,
tp = 5 MPaand t,; = 20 MPa, respectively. However,
during the simulations, the magnitude of critical
resolved shear stress was varied to change the contribu-
tion of particular slip systems. The strain rate sensitivity
parameter was equal for all slip systems, amounting to
m = 0.03, and the referential shear strain was

[26,27

III. RESULTS

SEM/BSE observations revealed the differences in
microstructure of materials after hot extrusion. As can
be seen in Figures 1(a) and (b), pure Zn was character-
ized by large equiaxed grains. Microstructure investiga-
tions performed on the both perpendicular
cross-sections showed the bimodal character of pure
Zn grains. The grain size distribution varies over a wide
range between 25 and 430 um. The neighboring grains,
irrespectively of size, were mostly separated by HAGB:s.
The addition of Mg caused the formation of a eutectic
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mixture composed of ¢-Zn and Mg,Zn; intermetallic
phase.'? The eutectic was located at the boundaries of
primary o-Zn grains, as can be seen in Figures 1(c)
through (f). The EBSD measurements presented in
Figure 1 show that the addition of Mg contributed
significantly to grain refinement. A large decrease in the
average grain size (AGS), from 272.2 to 33.8 um for the
Zn-1Mg alloy was noted (calculated on LCS). In
addition, a more homogeneous microstructure com-
posed of slightly elongated grains in the ED within a
narrower size range was observed. Based on the distri-
bution of misorientation angle it could be stated that
Mg content caused an increase in the number fraction of
LAGBs. Some peaks around @ = 86 deg were identi-
fied, which can be associated with the presence of twins
in the microstructure.”® Although the spatial resolution
of EBSD method is insufficient to provide reliable
information about the grain size and texture of the
eutectic, the IPF mode combined with image quality
factor show its morphology and distribution relatively
well, underlining the grain and interphase boundaries.
Based on the studies conducted on LCS, it was observed
that the eutectic was elongated in the ED, forming a
band-like microstructure. A chemical composition map,
acquired along with the EBSD measurements, showed
that Zn (shown red in Figures 1(e) and (f)) was evenly
distributed throughout the matrix grains, while the
eutectic arcas become depleted of Zn. This strongly
suggests that Mg accumulated mainly in the intermetal-
lic phase in the eutectic area.

Microstructure analysis of pure Zn subjected to the
multi-pass hydrostatic extrusion showed that such pro-
cessing caused remarkable grain refinement even after the
first pass, as presented in Figure 2. However, at the
beginning of the plastic deformation process, the
microstructure was bimodal in character. Most of the
larger grains, especially on the TCS, showed crystal
orientation with the (0001) direction being parallel to the
ED. It may be noticed that an increase in true strain
affected the orientation of grains in such a way that
grains with the (0001) direction parallel to the ED
disappear progressively. The following hydrostatic extru-
sion passes did not cause any further significant grain
refinement, although the number of larger grains
decreased and the microstructure of pure Zn became
more homogeneous. Microstructure characterization of
the Zn-1Mg alloy after hydrostatic extrusion revealed
that an addition of 1 wt pct of Mg to Zn resulted in
further grain refinement as compared with pure Zn
(Figure 3). After the first pass of hydrostatic extrusion,
the bimodal character of the microstructure was even
more visible than for pure Zn. Another similarity between
pure Zn and Zn-1Mg alloy was the large number of
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Fig. 1—Orientation maps with corresponding grain size and misorientation angle distributions: left side LCS and right side TCS obtained after
hot extrusion of pure Zn (a), (b) and the Zn-1Mg alloy (¢), (d) and chemical composition map indicating Zn concentration marked red for the
Zn-1Mg alloy acquired from the (¢) LCS and (f) TSC. The black and yellow lines on the orientation maps correspond to HAGB and LAGB,
respectively. The dark area on the orientation map of the Zn-1Mg alloy corresponds to the Mg,Zn;, intermetallic phase, excluded from the
calculations. The inverse pole figure (IPF) colour-coding is shown with respect to the ED using the standard triangle and colours as given at the

top of the figure (Color figure online).

grains with the (0001) direction parallel to the ED. In the
LCS orientation maps, elongated grains in the ED were
still observed even with a higher number of large grains
with the (0001) direction parallel to the ED in compar-
ison to pure Zn. Subsequent passes of hydrostatic
extrusion decreased the grain size and led to the
formation of more homogeneous microstructure. The
AGS, depending on the cross-section, differed substan-
tially due to the preserved elongated shape of the grains
observed on the LCS. After the last pass of hydrostatic
extrusion, equiaxed grains were present on both of the
cross-sections, with unchanged AGS. The average values
of grain size are summarized and listed in Table II.
Hydrostatic extrusion also caused changes in the mor-
phology of the eutectic, and well-developed bands
elongated in the ED were formed. As deformation

METALLURGICAL AND MATERIALS TRANSACTIONS A

proceeded, those bands became thinned down to a few
microns. The arrangement of the fragmented eutectic in
the form of well-defined bands was proven through
TEM/BF observations of the Zn-1Mg alloy after the
fourth pass of hydrostatic extrusion (Figure 4(a)). The
SAED patterns confirm the presence of «-Zn and
Mg,Zn;; phases in the bands (Figure 4(b)).

Analysis of grain boundaries density (GBD) for pure
Zn after hydrostatic extrusion revealed that HAGBs
constituted more than 90 pct of all grain boundaries,
and that their share increased slightly with the number
of hydrostatic extrusion passes (Figure 5). In turn, for
the hydrostatically extruded alloy Zn-1Mg, the genera-
tion of a large number of LAGBs was noticed. The
highest number of these was obtained after the first pass,
decreasing gradually with subsequent passes.
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Fig. 2—Orientation maps with corresponding grain size combined with misorientation angle distributions for pure Zn: left side LCS and right
side TCS obtained after hot extrusion followed by hydrostatic extrusion after (a, b) the first pass, (¢, d) the second pass (e, f) the third pass and
(g, ) the fourth pass. The black and yellow lines on the orientation maps correspond to HAGB and LAGB, respectively. The inverse pole
figure (IPF) colour-coding is shown with respect to the ED, using the standard triangle and colours as given at the top of the figure (Color

figure online).

The evolution of crystallographic texture after subse-
quent passes of hydrostatic extrusion was presented
based on a series of (0002) and (1011) pole figures (cal-
culated from the EBSD and for materials after hot
extrusion employing synchrotron data) (Figure 6) and
was qualitatively similar for pure Zn and Zn-1Mg alloy.
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Due to better grain statistics, only the Zn-1Mg was
analyzed. The initial fiber (1010) texture in which the
(0001) direction is perpendicular to ED is typical for hot
extruded metals with hexagonal closed packed (HCP)
unit cells.””! Hydrostatic extrusion changes the initial
texture to a (0002) and (1011) double fiber texture, with
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Fig. 3—Orientation maps with corresponding grain size combined with misorientation angle distributions for the Zn-1Mg alloy: left side LCS
and right side TCS obtained after hot extrusion followed by hydrostatic extrusion after (a, b) the first pass, (¢, d) the second pass (e, f) the third
pass and (g, /) the fourth pass. The dark areas on orientation map of the Zn-1Mg alloy correspond to the intermetallic phase of Mg,Zn;; and
were excluded from calculations. The black and yellow lines on the orientation maps correspond to HAGB and LAGB, respectively. The inverse
pole figure (IPF) colour-coding is shown with respect to the ED using the standard triangle and colours as given at the top of the figure (Color

figure online).

the (0002) being the dominating component after the
first pass. Such changes are attributed to compression
twinning {1012},°% which is presented schematically in
Figure 6. As the number of hydrostatic extrusion passes
increases, the (1011) component grows at the cost of the
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(0002) component. As can be seen in Figure 7, the
volume fraction of (0002) fiber falls to practically zero
(about 1.8 pct) after four passes of hydrostatic extru-
sion. In this place, the (1011) fiber component appears
in an amount equal to 33 pct.
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Table II. The Average Grain Size Obtained for All Investigated Materials

Sample Hot Extrusion 1st Pass 2nd Pass 3rd Pass 4th Pass
Zn
LCS [um] 2722 £ 110 27.1 £ 13 21.8 £8 16 £6 162+ 7
TCS [um] 226.4 £ 103 273 £ 17 19.6 £ 8 17£7 163 £6
Zn-1Mg
LCS [um] 33.8 £ 15 9.6 + 12 3.6+4 23+2 1.5+1
TCS [um] 235 £ 11 42+ 4 1.8+ 1 14+1 14+ 1

'\ &
-—h hd‘rs‘?ftjeec

——— 5.00 1/nm

Fig. 4—TEM/BF microstructure image obtained for the Zn-1Mg alloy after hot extrusion and the 4th passes of hydrostatic extrusion showing

BF image taken on the LCS (a) and SAED pattern (b).

The results of mechanical properties are given in
Figure 8 and Table III. In comparison to pure Zn, the
Zn-1Mg alloy was characterized by superior strength.
It is clear that enhancement of YS and UTS was
intensified by hydrostatic extrusion. In the case of
pure Zn, the hydrostatic extrusion process resulted in
an increase in strength, but only to some extent. The
stress—strain curves shown in Figure 8 indicate that
pure Zn exhibits strain-hardening behavior. At each
step of the plastic deformation process, the shape of
strain-stress curves are nearly the same, with a wide
region of necking, indicating good ductility from the
beginning of the hydrostatic extrusion process. The
addition of Mg provoked major changes in tensile
behavior, the evolution of which may be observed
with subsequent passes of the hydrostatic extrusion
process. After the first pass, the Zn-1Mg alloy showed
the widest range of uniform strain, indicating the
highest strengthening effect. However, low ductility
was noticed. Additional passes resulted in a further
increase of YS and UTS, and finally reached 383 and
482 MPa, respectively. Hence, the Zn-1Mg alloy
exhibits a rather narrow range of uniform strain
and, which is also characteristic, the onset of non-uni-
form strain was preceded by a distinct UTS peak,
which is followed by strain-softening. Considering
changes in plasticity, a remarkable increase in the
elongation to failure was noticed for the Zn-1Mg alloy
fabricated by hydrostatic extrusion, where a constant
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increase in elongation with subsequent passes was
achieved.

IV. DISCUSSION

Pure Zn subjected to the hydrostatic extrusion process
reveals a quite low susceptibility to grain refinement by
multi-pass deformation, as evidenced by the orientation
maps in Figure 2. Only the first pass reduces the grain
size significantly. The presence of equiaxed grains on
both of the cross-sections indicates that pure Zn fully
recrystallized, due either to dynamic recrystallization
during hydrostatic extrusion (adiabatic heating) or to
static recrystallization after plastic deformation, reach-
ing a stable state. However, the eventual static recrys-
tallization process was considerably suppressed by water
cooling of the extruded material at the end of a die.
Therefore, no abnormal grain growth was observed. As
a result, a microstructure with the predominance of
grains free of defects and substantial share of HAGBs
was achieved. This is also demonstrated by the coarse-
grained texture that manifested on each pass of hydro-
static extrusion (Figure 6), and by the similar mechan-
ical properties (Figure 8). Due to the low
recrystallization temperature of pure Zn and recovery
processes, it seems that further refinement of pure Zn is
not possible during hydrostatic extrusion. Such a
microstructure is also responsible for the mechanical
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Fig. 5—Changes in the grain boundary density (vertical axis) of LAGB («), (b) and HAGB (¢), (d) after hot extrusion and after subsequent
passes of hydrostatic extrusion, obtained from cross-sections of pure Zn and the Zn-1Mg alloy.

behavior of pure Zn. Limited grain refinement provoked
only a slight increase in strength compared to pure Zn
after hot extrusion. However, the obtained stable mi-
crostructure with HAGBs contributes to a remarkable
improvement of plasticity. This may be associated with
the activation of the grain boundary sliding (GBS)
process.*!) Such behavior is observed in materials
deformed by SPD methods.'"*3**% Grain refinement
and the accompanying increase in the volume of HAGB
combined with a high deformation rate positively affects
GBS.

To further reduce the grain size of Zn during
hydrostatic extrusion, the addition of Mg is required.
This prevents unwanted grain growth and allows a
composite-like microstructure, in which the bands of
hard eutectic mixture are arranged alternatingly with
bands of softer fine grain «-Zn matrix to be obtained.
The composite-like microstructure obtained in our
experiment was possible due to hot extrusion of the
as-cast material, which allows the arrangement of the
eutectic almost in the form bands along the extrusion
direction and facilitates further deformation by hydro-
static extrusion. A similar composite-like microstructure
containing bands of «-Zn nanocrystallites and nano-
grains of Mg,Zn;; and MgZn, intermetallic phases was
observed for the Zn-Mg hybrids subjected to HPT .43
Formation of the eutectic caused it to act as an effective
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barrier to dislocation movement and limits the recrys-
tallization process, enabling the generation of a large
number of LAGBs, which diminished gradually with
subsequent passes of hydrostatic extrusion. This sug-
gests that the microstructure of Zn-1Mg alloy obtained
during the multi-pass hydrostatic extrusion process is a
result of continuous dynamic recrystallization (cDRX),
which is typically responsible for the grain refinement of
the materials with a high stacking fault energy subjected
to SPD techniques.*®’ Moreover, based on analysis of
the Zn-1Mg alloy performed on LCS, a bimodal
microstructure typical for other HCP metals®’>*! was
observed during the first stages of plastic deformation
via hydrostatic extrusion. New grains grew at the
boundaries of primary large grains. The bimodal
microstructure that was formed appears to be a conse-
quence of “‘hard orientation’ (the basal plane is oriented
perpendicular to the direction of an applied force®®”) in
the initial state. Hard orientation appeared as a conse-
quence of the activation of {1012} compression
twins,*”) which exchange the (1010) into (0002) along
the ED.P As a result, a strong (0002) fiber texture is
formed after the first pass of hydrostatic extrusion. It
seems that the formation of the (0002) fiber texture is
strongly correlated with the radial compression compo-
nent of the hydrostatic extrusion process which squeezes
the c-axis along the ED. It is important to note that,
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unlike most of the HCP metals, the c-axis of Zn is
physically the longest lattice parameter. By ‘“‘physi-
cally”, we refer to the HCP structure constructed on the
hexagonal base which does not correspond to the
smallest rhombus (the crystallographic one). In this
regard, the {1012} twins in Zn are referred to as
compression twins, not tension. For this reason, the
c-axis is aligned along the ED after application of
hydrostatic pressure. However, the capacity of {1012}
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compression twins is limited, so subsequent passes
activate secondary pyramidal slip systems to achieve
deformation along the hexagonal c-axis. This changes
the texture towards {1011} fiber. The transition can be
clearly seen in Figure 6. The effect of hydrostatic
extrusion on texture components is also shown in
Figure 7, in which the volume fraction of two fiber
components after subsequent hydrostatic passes is
presented. The growing amount of the (1011) fiber
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component correlates quite well with the total elonga-
tion, which also increases as the number of passes
increases. The proposed explanation was supported by
simulation using a self-consistent model. The given
texture evolution was justified by increasing activation
of pyramidal slip systems (Figure 9). These calculations
clearly show that combining hydrostatic extrusion and
Mg alloying enables activation of the pyramidal slip
system in the Zn-1Mg alloy, which leads to a strong
(1011) fiber component. Replacement of the hard (0002)
orientation by the (1011) component is suitable for
plastic deformation, since it makes the material less
prone to strain localization and to brittle failure.
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Fig. 7—Volume fraction of two fiber components after subsequent
hydrostatic passes. The calculated values are given with a spread of
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Overall, these results show that the application of
multi-pass hydrostatic extrusion instead of one opera-
tion is more beneficial for better grain refinement,
greater elongation and suppression of the recrystalliza-
tion processes.

The mechanical properties of the Zn-1Mg alloy
subjected to multi-pass hydrostatic extrusion are a
direct result of the microstructure and texture formed
during plastic deformation. Significant grain refinement
caused the Zn-1Mg alloy to have the highest strength
among all of the investigated materials. The gradual
decrease in grain size with subsequent passes revealed
that mechanical properties are strictly dependent on
them, which could be observed on strain-stress curves.
At the beginning of plastic deformation of the Zn-1Mg
alloy, the curves showed a sharp increase to the critical
value of stress, with increasing strain due to a large
number of dislocations present in the material. How-
ever, after first pass, because of an insufficient number of
slip systems (hard orientation with (0002) fiber texture),
the material fractured without any necking. Subse-
quently, modified microstructure and texture evolution
caused by further passes of hydrostatic extrusion
affected the deformation behavior of the material. The
stress—strain curves yield a peak, and then the flow stress
decreased with a negative work hardening rate followed
by unstable deformation. This may be due to the fact
that, in the ultrafine-grained materials, the sources of
generation of dislocation are the grain boundaries rather
than their interiors.*'! Moreover, the grain boundaries
not only generate dislocation, but also can annihilate or
absorb them, and grain boundary character determines
which processes will dominate.**! Thus, it is likely that
the observed yield peak appeared as a consequence of
insufficient dislocation mobility related to an increased
volume fraction of the grain boundaries, which
increased the probability of their interactions with
dislocations. This results in high stored energy of grain
boundaries, and favors the initiation of dynamic recov-
ery and recrystallization processes.**** Further necking
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300 4
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Fig. 8—Strain-stress curves obtained for materials after hot extrusion and hydrostatic extrusion on each pass for () pure Zn and (b) Zn-1Mg

alloy.
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Table III. The Mechanical Properties Obtained for All Investigated Materials

Sample Hot Extrusion 1st Pass 2nd Pass 3rd Pass 4th Pass
Zn
YS [MPa] 47+ 4 554+0.2 63+ 1 63+ 0.3 68 + 1
UTS [MPa] 103 + 4 134 + 1 143 + 1 136 + 1 135+ 1
E [Pct] 10 + 4 54.6 £ 4 543 £ 1 624 + 1 61.2 £ 0.1
Zn-1Mg
YS [MPa] 222+ 6 296 £ 9 351 £ 21 375 £ 37 383 £+ 39
UTS [MPa] 311 £ 1 397 £ 3 449 + 2 471 + 4 482 + 11
E [Pct] 09+1 1.7+£0.2 8+3 1I8+6 23+ 3
(0002)
Zn-1Mg
(1011)
Zn-1Mg

(a)

Fig. 9—TInitial experimental () and simulated (0002) and (1011) PFs after hydrostatic extrusion (b) the first pass, (c) the second pass, (d) the

third pass and (e) the fourth pass.

and softening of the material, observed from the second
pass, may be the consequence of dynamic recrystalliza-
tion, and this inhomogeneous strain intensifies for
subsequent passes of hydrostatic extrusion. Such
microstructural-dependent mechanical behavior was
observed in various metals, such as commercial purity
aluminum, interstitial free steel and vanadium subjected
to different SPD processes (ECAP, ARB—accumulative
roll bonding, HPT).#!#24443] I these studies, different
grain sizes were obtained as a result of annealing after
the SPD process, where the grain size was controlled by
c¢cDRX induced during multi-pass hydrostatic extrusion.
The dependence between the microstructure and the
mechanical properties obtained for the investigated
materials is shown in Figure 10.

V. CONCLUSIONS

The effect of multi-pass hydrostatic extrusion pre-
ceded by hot extrusion and the addition of Mg on the
microstructure evolution of Zn was examined in this
work. It has already been reported in our previous
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works,??Y and is demonstrated well in the present one,

that the hydrostatic extrusion process contributes to
great grain refinement of low-alloyed zinc, which is
responsible for an improvement of mechanical proper-
ties. However, more homogeneous microstructure pro-
viding uniform mechanical properties throughout the
entire extruded material was obtained when the hydro-
static extrusion process was preceded by hot extrusion
as compared to the Zn-1Mg alloy in as-cast state.[*!
Achievement of significant grain refinement of Zn,
which results in the increase in its strength and plasticity,
may be possible only by the combination of Mg addition
and hydrostatic extrusion. Using either of these opera-
tions individually does not improve the mechanical
properties sufficiently to fulfil requirements for
biodegradable stents. Furthermore, due to comprehen-
sive analysis of the microstructure evolution and com-
parison with pure Zn, it was possible to observe changes
and to understand the mechanisms behind them. The
results may be summarized as follows:

1. Applying hot extrusion prior to multi-pass hydro-
static extrusion allowed the formation of an initial
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Fig. 10—Changes in mechanical properties and average grain size for materials after hot extrusion and on each pass of hydrostatic extrusion for

pure Zn and Zn-1Mg alloy.

microstructure with near bands of fragmented
eutectic, elongated in ED, which facilitates defor-
mation by means of hydrostatic extrusion.

2. The microstructure observation performed after
each pass of hydrostatic extrusion indicates that
grain refinement occurred mainly by continuous
dynamic recrystallization, limited in the case of the
Zn-1Mg alloy.

3. Hydrostatic extrusion changes the initial (1011)
fiber texture to a (0002) and (1011) double fiber
texture in which the (0002) component decreases
with each pass of hydrostatic extrusion.

4. With an increasing number of hydrostatic passes,
the (1011) texture component also increases, which
results in improved formability.
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