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Deformation temperature and cooling rate have a large influence on the microstructure and mechanical properties. In this paper,
the effects of pre-ageing extrusion temperatures (240, 320) °C and subsequent cooling modes (air cooled, 27 °C water cooled)
on the microstructure and mechanical properties of extruded ZK61 alloy were investigated. The microstructure evolution mecha-
nisms as well as dynamic recrystallization (DRX) principle were explored, and the strength-plasticity mechanism was analyzed.
The higher the extrusion temperature, the higher the DRX ratio, and the larger the grain size. A higher temperature also provides
energy for grain-boundary migration. The faster the cooling rate, the fewer the precipitated phases, the lower the DRX fraction,
and the finer the grain size. A faster cooling rate did not allow enough time for the precipitates to nucleate, and DRX grains did
not have the time to grow. The 240 °C extruded and air-cooled (LA) sample showed the best strength-plasticity synergy, with ul-
timate tensile strength (UTS), yield strength (YS), and elongation (EL) of 359.7 MPa, 281.8 MPa, and 18.8 %, respectively. This
was mainly the result of a combined effect of fine-grain strengthening, dislocation strengthening, and texture strengthening.
Keywords: ZK61 Mg alloys, extrusion, microstructure, mechanical properties

Temperatura deformacije in hitrost ohlajanja imata oba velik vpliv na mikrostrukturo in s tem posledi~no na mehanske lastnosti
kovinskih materialov. V tem ~lanku avtorji opisujejo raziskavo vpliva predhodno starane magnezijeve zlitine tipa ZK61, ki so jo
nato vro~e ekstrudirali (iztiskovali) pri temperaturah 240 °C in 320 °C. Po ekstrudiranju je sledilo takoj{nje ohlajanje na dva
na~ina (hlajenje na zraku in hlajenje z 27 °C vodo). Sledila je mikrostrukturna in mehanska karakterizacija izdelanih zlitin.
Avtorji so analizirali razvoj mikrostrukture in mehanizme dinami~ne rekristalizacije (DRX). Vi{ja je temperatura ekstruzije,
ve~ja je hitrost DRX in ve~ja so kristalna zrna, saj je na razpolago ve~ energije za migracijo kristalnih mej. Ve~ja je hitrost
ohlajanja po ekstruziji, manj{i je dele` izlo~kov sekundarnih faz, manj{a je hitrost DRX in bolj drobna so kristalna zrna. Ve~ja
hitrost ohlajanja ne daje dovolj ~asa za nukleacijo izlo~kov (precipitatov) in DRX kristalna zrna nimajo ~asa rasti. Zlitina
ekstrudirana pri 240 °C in potem ohlajana na zraku je imela najbolj{o sinergijo med trdnostjo in plasti~nostjo. Kon~na trdnost te
zlitine je bila 359,7 MPa, meja plasti~nosti 281,8 MPa in raztezek 18,8 %. To je bila v glavnem posledica kombiniranega u~inka
utrjevanja zaradi udrobljenja kristalnih zrn ter dislokacijskega in teksturnega utrjevanja.
Klju~ne besede: magnezijeva zlitina tipa ZK61, ekstruzija, mikrostruktura, mehanske lastnosti

1 INTRODUCTION

Magnesium (Mg) alloys are widely used in aero-
space, military and transportation due to their low den-
sity (1.8 g/cm3), excellent specific strength, and good vi-
bration damping properties.1–4 The high-strength Mg-RE
alloys, which are commonly used nowadays, have re-
ceived extensive attention from researchers and scholars
due to their better solution-strengthening as well as pre-
cipitation-strengthening effects.5–7 However, due to the
high prices of RE elements, Mg-RE system alloys are
costly and not suitable for large-scale industrial applica-
tions. The Mg-Zn-Zr magnesium alloy exhibits one of
the best overall performance profiles among high-

strength wrought Mg alloys. The Zn element mainly im-
proves the strength through dispersive strengthening and
solid solution strengthening, while the Zr element has a
strong role in refining the grains, improving the corro-
sion resistance and mechanical properties.8–10 In this
study, ZK61 Mg alloy was chosen for its high strength
and good plasticity. It meets the performance require-
ments of most structural components, and is also the
most widely used wrought magnesium alloy for commer-
cial applications due to its low cost.

The combination of deformation and heat treatment
is an effective means of modifying an initial micro-
structure. Pre-ageing treatment refers to the aging of an
alloy before deformation, while the precipitation of the
second phase can affect the microstructure and mechani-
cal properties during the subsequent deformation.11–13

Mg-6Zn-1Gd-1Er alloys exhibit lower deformation acti-
vation energies during hot compression when they are
subjected to pre-ageing.14 The interaction between
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pre-existing precipitates and dislocations promotes DRX
behavior, making the pre-aged samples more favorable
for DRX than the solid solution heat-treated samples.15

The effect of second-phase particles produced during the
pre-aging of ZK60 alloys on DRX behavior was ana-
lyzed. It was found that coarse particles distributed in
grain boundaries accelerate grain-boundary nucleation.
Coarse particles distributed in the grains had a signifi-
cant particle-stimulated nucleation (PSN) effect, promot-
ing the nucleation of DRX grains. Fine precipitates dis-
tributed at the new grain boundaries had a pinning effect
on the migration of grain boundaries, preventing the
growth of DRX grains.15–17 In summary, pre-ageing im-
proves grain refinement and mechanical properties. For
this reason, our study investigated the aging treatment
prior to deformation.

The technique of severe plastic deformation (SPD)
refers to the introduction of a large strain into the defor-
mation process. It effectively refines the microstructure,
and improves the forming properties of Mg alloys. It
mainly includes the following methods: equal channel
angular pressing (ECAP), high pressure torsion deforma-
tion (HCP), multidirectional forging (MDF) and friction
stir processing (FSP). Li et al.18 employed FSP to refine
the coarse LPSO phase in Mg-12.8Y-4.7Zn (w/%) alloy.
The results showed that the coarse LPSO phase was re-
fined into dense ultrafine needles with an average width
of �200 nm and an average length of �1 μm. The re-
sults obtained by Wei et al.19 showed that the yield
strength, ultimate tensile strength and elongation of
Mg-7Gd-2Y-1Zn-0.5Zr alloy after extrusion and MDF
were 395.2 MPa, 435.3 MPa and 17.6 %, respectively.
However, the disadvantages of the aforementioned pro-
cess include the limited size of processed parts and the
need for specialized equipment, restricting its industrial
application. In order to overcome the above drawbacks,
the traditional extrusion experiment was used in this
study.

Extrusion is a process that has emerged and devel-
oped based on traditional forming processes, and it is
currently widely applied. Its advantages include simple
equipment and operational flexibility.20–24 The micro-
structure and mechanical properties of an extruded alloy
are closely related to the deformation parameters and
cooling mode. Wang et al.25 investigated the effects of
different extrusion ratios and subsequent cooling pro-
cesses on the microstructure, texture and mechanical
properties of Mg-8Gd-4Y–1Zn–Mn (w/%) extruded al-
loys. The results showed that increasing the extrusion ra-
tio promoted DRX, while water cooling inhibited static
recrystallization (SRX) compared with air cooling. De-
creasing the extrusion ratio or increasing the cooling rate
leads to the formation of coarse, un-DRXed grains, and
the effect of rapid cooling on the refinement of recryst-
allized grains is also obvious. Different extrusion condi-
tions affect the mechanical properties of Mg-2Gd-0.3Zr
alloys through the grain size, proportion of non-recryst-

allized zones and type of texture.26 Therefore, in order to
obtain high-strength ZK61 extrusion alloys, it is essential
to investigate the effects of different extrusion tempera-
tures and cooling rates on the microstructure and me-
chanical properties.

At present, the ZK61 alloy is typically extruded and
deformed in a temperature range of 300–400 °C. The re-
lationship between microstructure and mechanical prop-
erties was explored. This study mainly investigated the
effects of low extrusion temperatures (240, 320) °C and
different cooling rates (27 °C water cooling, air cooling)
on the microstructure and mechanical properties of ex-
truded alloys. An in-depth analysis of the DRX mecha-
nism was carried out, investigating the specific effects of
dynamic precipitation on the microstructure evolution
and mechanical properties of extruded Mg alloys.

2 EXPERIMENTAL PART

In this study, experimental material was as-cast
Mg-5.99Zn-0.98Zr (w/%) alloy billets (dimensions of
�45 � 60 mm). The prepared billets were first homoge-
nized in a resistance furnace at 415 °C for 16 h and then
water quenched at room temperature (RT) and recorded
as S samples. The homogenized specimens were sub-
jected to aging treatment at 175 °C for 12 h followed by
air cooling, and recorded as A samples. The billets were
preheated at 320 °C for 40 min, and the extrusion die
was held at 40 °C above the extrusion temperature for
8 h. The extrusion experiment was carried out at two
temperatures (240, 320) °C with an extrusion ratio of 9:1
and an extrusion speed of 0.1 mm/s. The extruded speci-
mens were cooled by 27°C water cooling and air cool-
ing, respectively. Different treatment processes are sum-
marized in Table 1.

A microstructure analysis of different specimens was
carried out using optical microscopy (OM, Zeiss Axio
ImagerA2 m) and scanning electron microscopy (SEM,
Hitachi SU5000). First, the specimens were subjected to
mechanical polishing (with water abrasive sandpaper of
different roughness levels) and etching (1 g picric acid,
2 mL acetic acid, 14 mL alcohol and 2 mL distilled wa-
ter), followed by photographic metallography using an
OM. Electron backscatter diffraction (EBSD) experi-
ments were carried out at an accelerating voltage of
20 kV, working distance of 15 mm and inclination angle
of 70°. The results were post-processed using Orienta-
tion Imaging Microscopy (OIM) Analysis 7.0 software,
obtained from EDAX.

Mechanical properties of different specimens were
tested using an Instron-3382 with a strain rate of
8 � ��–3 mm/s at RT. Tensile tests of the specimens in
different states were repeated three times, and the aver-
age values were taken to ensure accuracy. Hardness tests
were carried out using a Vickers hardness machine (HV,
UHL-VMHT) with a load of 200 g, holding time of 15 s.
Measurements were taken at 20 points, and the average
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value was calculated after excluding the maximum and
minimum values.

Table 1: Extruded ZK61 Mg alloys in different states

Designation Deformation parameters and cooling
method

S sample
1. As-cast billet

2. 415 °C for 16 h

A sample
1. S sample

2. 175 °C for 12 h

LA sample
1. A sample

2. Hot extrusion (240 °C, 9:1)
3. Air cooling

HA sample
1. A sample

2. Hot extrusion (320 °C, 9:1)
3. Air cooling

HW sample
1. A sample

2. Hot extrusion (320 °C, 9:1)
3. 27 °C water cooling

3 RESULTS AND DISCUSSION

3.1 Initial microstructure

Figure 1 shows the age-hardening curve of ZK61 Mg
alloy at 175 °C. As can be seen, the Vickers hardness of

ZK61 Mg alloy after solid solution is 72 HV, and the
peak hardness of 78 HV is reached by aging the alloy at
175 °C for 12 h. A rather interesting phenomenon is
found in the figure; namely, the hardness values of the
alloy do not change significantly as the aging time in-
creases. They are maintained in a range of 70–80 HV,
which is quite different from the age-hardening curve of
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Figure 2: LM and SEM images of S sample and A sample: a, b) S sample; c, d) A sample

Figure 1: Age-hardening curve of ZK61 Mg alloy at 175 °C



Mg-RE alloys where the hardness typically increases to
120–140 HV after peak aging.27–29 From the above exper-
imental results, it can be seen that ZK61 Mg alloy exhib-
its no obvious precipitation strengthening effect. This is
mainly due to the low solubility of Zn in the �-Mg ma-
trix and its low temperature sensitivity. This results in a
low content of the MgZn2 phase precipitated during ag-
ing, which is not sufficient to produce a significant pre-
cipitation strengthening effect.

Figure 2 shows the microstructure after homogeniza-
tion and aging. Figures 2a and 2b show the S sample,
which was homogenized to eliminate defects such as
segregation in the as-cast state. The second phase in the
as-cast alloy was basically fully dissolved into the Mg
matrix. Figures 2c and 2d show the A sample, which
was subjected to aging treatment after homogenization;
its grain size was basically unchanged due to the low ag-
ing temperature. From the SEM image, it can be seen
that more MgZn2 phase particles34 were precipitated after
aging (shown by red arrows), affecting the DRX nucle-
ation and grain growth in the subsequent deformation.

3.2 Microstructures at different extrusion temperatures
and cooling rates

Figure 3 shows the microstructures of extruded sam-
ples. As can be seen from the OM diagrams in Fig-

ures 3a to 3c, all three specimens show a binomial
microstructure composed of coarse deformed grains and
fine DRX grains. The coarse deformed grains are elon-
gated along the extrusion direction, and the fine DRX
grains are distributed at the grain boundaries of de-
formed grains. Figures 3d and 3g show SEM images of
the HA sample with some second phase particles uni-
formly distributed both at the grain boundaries and in-
side the grains. This is mainly due to the slow cooling
rate in air after extrusion and the high driving force in-
side the alloy for the nucleation and growth of the sec-
ond-phase particles. Figures 3e and 3h show SEM im-
ages of the HW sample. Compared with the HA sample,
the number of second-phase particles is obviously re-
duced, and most of them are distributed at the grain
boundaries. The faster cooling rate caused some particles
to nucleate and grow up too late, only partially nucleat-
ing at grain boundaries, dislocations and other defects.
Figures 3f and 3i show SEM images of the LA sample.
Compared with the previous two states of the alloy, its
second-phase particles are minimum and only a small
amount is distributed at the grain boundaries. This is
mainly due to the low deformation temperature, resulting
in only a small amount of Zn entering the Mg matrix. In
the subsequent cooling process, although the cooling rate
is slow, it remains difficult to precipitate a fine and dis-
persed MgZn2 phase.30
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Figure 3: OM and SEM images of the extruded specimens: a, d, g) HA sample; b, e, h) HW sample; c, f, i) LA sample (where g, h, i show local
magnifications of d, e, f)



Figure 4 shows the corresponding inverse pole fig-
ures (IPFs) of the extruded samples. The observed pat-
terns in the figure are maintained in accordance with
those observed in the OM figures, and all three samples
in different states show bimodal microstructures. Grain
boundaries at 2 < � 
 15°are defined as low-angle grain
boundaries (LAGBs) marked by white lines. In contrast,
grain boundaries with � > 15° are defined as high-angle
grain boundaries (HAGBs) marked by black lines. The
DRXed grains are defined as the ones with a grain orien-
tation spread (GOS) of less than 2°.4

Table 2 shows the average grain sizes of the whole
grains of HA sample, HW sample, and LA sample,
which are (36.08, 30.92, and 25.149) μm, respectively.
The DRX grains correspond to average grain sizes of
(3.67, 3.15 and 2.33) μm, respectively. A comparison of
the samples in three different states reveals that the HA
sample has the highest DRX ratio (64.3 %), but the larg-
est average grain size. This appears to contradict the
commonly held theory that a higher DRX fraction results
in finer grains. This is mainly due to the slower cooling
rate after extrusion, which leads to higher internal energy
after deformation, thus promoting grain-boundary migra-
tion and causing DRX grain growth. The percentage of
DRX (59.4 %) and the average grain size of the HW
samples do not differ much from those of the HA sam-
ples. Typically, the reason for differences in these values
is mainly the growth of DRX grains during cooling.
However, the overall difference in this case is small due
to the limited grain growth during air cooling. The LA
sample exhibits the lowest DRX percentage (51.6 %) as
well as the smallest average grain size. The driving force
generated during low-temperature extrusion is not suffi-

cient for DRX, resulting in a low percentage of DRX
grains. At the same time, there is no additional stored en-
ergy within the grains for grain-boundary migration, so
the grains are the smallest.

Table 2: Corresponding IPF diagrams for the extruded specimens

HA sample HW sample LA sample
dwhole 36.08 μm 30.92 μm 25.14 μm
dDRX 3.67 μm 3.15 μm 2.33 μm
fDRX 64.3 % 59.4 % 51.6 %

Figure 5 shows the kernel average misorientation
(KAM) graphs for different specimens after extrusion.
Figures a–c show distribution, while Figures d–f show
distribution histograms. Different colors represent differ-
ent KAM values. A KAM value increases from blue to
green, and a higher KAM value represents a higher den-
sity of geometrically necessary dislocations. From plots
a–c, it can be seen that fine DRXed grains are blue,
while coarse deformed grains are mainly green, and
green is obviously found closer to the grain boundaries.
DRX is a dislocation-release process, for which disloca-
tions provide the driving force. Dislocations move inside
deformed grains during deformation. A grain boundary
acts as a barrier to dislocation movement, resulting in
dislocations being accumulated at the grain boundary
and a larger KAM value at the grain boundary. This also
explains why DRXed grains are mostly distributed at
grain boundaries.

Schmid factor (SF) graphs of (0001) basal slip for
different specimens after extrusion are shown in Fig-
ure 6. The corresponding SF values for HA, HW and LA
samples are 0.20, 0.35, and 0.17, respectively. Basal slip
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Figure 4: Corresponding IPF diagrams for the extruded specimens: a, d) HA sample; b, e) HW sample; c, f) LA sample (where a, b, c include
whole grains and d, e, f include DRXed grains)



is the main mode of slip in room-temperature deforma-
tion of Mg alloys, and the yield strength of tensile speci-
mens is affected by the SF value.8 From the figure, it can
be seen that for the coarse deformed grains, the internal
SF distribution map is mostly blue. This indicates that
coarse grains do not readily undergo basal slip and are
classified as hard-oriented grains. Most of the internal
fine DRXed grains are orange-red, indicating that basal
slip occurs readily and these are soft-oriented grains. The

SF values for the HW samples are larger than those of
the other samples. This may be due to the presence of
more solid-solution atoms inside the deformed grains
due to a faster cooling rate35, reducing the critical shear
stress (CRSS) for basal slip and making basal slip easier.

Dynamic-recrystallization mechanisms currently in-
clude two main types: continuous dynamic recryst-
allization and discontinuous dynamic recrystallization
(DDRX). CDRX refers to the formation of dynamically
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Figure 5: Corresponding KAM graphs for the extruded specimens: a, d) HA sample; b, e) HW sample; c, f) LA sample

Figure 6: SF maps of (0001) basal slip for the extruded specimens: a, d) HA sample; b, e) HW sample; c, f) LA sample



recrystallized grains due to gradual accumulation of
strain during deformation, and the transformation of
low-angle grain boundaries (LAGBs) to high-angle grain
boundaries (HAGBs). DDRX is the formation of nuclei
at the large-angle boundaries of deformed grains, taking
place through the mechanism of nucleation due to
boundary bowing. DDRX refers to the nucleation of
HAGB deformed grains due to the grain-boundary
bow-out nucleation mechanism.31–33

Figure 7a shows typical grains selected in the HW
sample for a more visual demonstration of the DRX
mechanism. It can be seen that the edges of the selected
grains are serrated (indicated by blue arrows), with the
grain boundaries bowing out to the outside of the de-
formed grains, which is a typical feature of DDRX.36

Figure 7b shows the corresponding orientation differ-
ence angle along the AB path. It can be seen that the ori-
entation difference angle gradually increases along the
path and finally reaches 20°. During deformation, strain
accumulation leads to the rotation of the lattice, and the
LAGBs (indicated by yellow arrows) absorbing disloca-
tions are gradually transformed into HAGBs to form

continuous dynamic recrystallized grains (indicated by
black arrows).37

3.3 Mechanical properties

Figure 8 shows stress-strain curves of the samples in
different states at RT; Table 2 shows the corresponding
tensile properties. The LA sample exhibited the best
strength-plasticity synergy, with its UTS, TYS, and EL
being 359.7 MPa, 281.8 MPa, and 18.8 %, respectively.
There are three main reasons for this: (I) In Mg alloys,
fine-grain strengthening plays a large role. According to

the Hall-Petch equation (� �= +
−

0

1

2kd ), a smaller aver-

age grain size corresponds to higher strength. (II) Dislo-
cation strengthening is mainly related to the dislocation
density inside the grains (� � �DIS = MGb ). According

to Figure 5, the above sample has the highest KAM
value, which corresponds to higher dislocation density,
and the dislocation strengthening effect is more obvious.
(III) The texture strengthening is mainly attributed to the
strong texture of the basal plane, which can be calculated
using the SF factor of basal plane slip (� � �Tex = m). Ac-
cording to Figure 6, the LA sample exhibits the lowest
SF value, and the texture strengthening effect is more ob-
vious. In summary, the LA sample exhibits the best
strength plasticity, mainly as a result of the combined ef-
fect of fine-grain strengthening, dislocation strengthen-
ing, and texture strengthening. The HA sample exhibits
better elongation (18.0 %), but poorer strength. As can
be seen in Figure 4, the HA sample has the largest pro-
portion of DRX and a strong ability to accommodate dis-
locations, resulting in higher plasticity.

Table 2: Tensile properties of different specimens at RT

Sample type UTS/MPa TYS/MPa EL/%
HA sample 282.9 209.5 18.0
HW sample 323.6 275.9 14.2
LA sample 359.7 281.8 18.8

4 CONCLUSIONS

This study mainly investigated the effects of extru-
sion temperature and subsequent cooling modes on the
microstructure and mechanical properties of ZK61
pre-aged extruded alloy. The microstructure evolution
pattern and DRX mechanism were explored, and the
strength-plasticity mechanism was analyzed. The results
are listed below.

The microstructures of all three samples (HA, HW,
LA) are bimodal, consisting of coarse deformed grains
and fine DRX grains. Their average grain sizes were
(3.67, 3.15, and 2.33) μm, respectively. Their DRX frac-
tions were (64.3, 59.4, and 51.6) %, respectively.

The DRX mechanism is mainly a synergistic action
of CDRX and DDRX. The higher the extrusion tempera-
ture, the higher the DRX ratio and the larger the grain
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Figure 8: Stress-strain curves for samples in different states at RT

Figure 7: DRX mechanism: a) inverse pole figure map; b) line pro-
files of point-to-point and point-to-origin measurements along arrow
AB in a)



size. A higher temperature provides energy for grain-
boundary migration. The faster the cooling rate, the
fewer the precipitated phases, the lower the DRX frac-
tion, and the finer the grain size. Faster cooling rates do
not allow enough time for precipitates to nucleate, and
DRX grains do not have the time to grow.

The LA sample showed the best strength-plasticity
synergy. Its ultimate tensile strength, yield strength, and
elongation were 359.7 MPa, 281.8 MPa, and 18.8 %, re-
spectively. This was mainly the result of a combined ef-
fect of fine-grain strengthening, dislocation strengthen-
ing, and texture strengthening.
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