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In this study, the effect of upsetting-extrusion-upsetting (UEU) on the microstructure of an Mg-9Gd-4Y-2Zn-0.5Zr alloy and on
dynamic recrystallization (DRX) was investigated. The results showed that after UEU, DRX occurred in the
Mg-9Gd-4Y-2Zn-0.5Zr alloy. Namely, the grain refinement at the cross-sectional edges of UEU specimens was significant, with
the grain size being refined from 8.27 pm in the necking region to 6.57 pm. Grain refinement is mainly caused by DRX where
the long-period stacking order (LPSO) phase stimulates DRX around the grain boundaries through a particle-stimulated nucle-
ation mechanism. DRX grains play an important role in weakening the texture by offsetting the severely deformed structure of
deformed grains.
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V ¢lanku avtorji opisujejo vpliv rekristalizacije na mikrostrukturo zlitine Mg-9Gd-4Y-2Zn-0,5Zr, ki je nastala med procesom
dinamicne rekristalizacije (DRX) pri izvajanju posebnega postopka njenega iztiskovanja (UEU; angl.: upsetting-extrusion-upset-
ting). Rezultati raziskave so pokazali, da je med postopkom iztiskovanja v magnezijevi zlitini Mg-9Gd-4Y-2Zn-0,5Zr potekal
proces dinamic¢ne rekristalizacije. Pri tem je pri§lo do znatnega zmanjSanja velikosti kristalnih zrn na robovih UEU
preizkuSancev in sicer na 8,27 um in v podrocju zoZenja na 6,57 pm. ZmanjSanje kristalnih zrn je predvsem posledica dinamic¢ne
rekristalizacije med katero je faza z urejenostjo zloga dolgega dosega (LPSO; angl.: long-period stacking order) stimulirala
dinamic¢no rekristalizacijo okoli kristalnih mej z mehanizmom nukleacije delcev druge faze. Kristalna zrna nastala zaradi
dinamic¢ne rekristalizacije igrajo pomembno vlogo pri slabSanju teksture preizkuSancev z moc¢no deformirano strukturo
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kristalnih zrn.

Kljuéne besede: zlitina na osnovi magnezija, postopek iztiskovanja, mikrostruktura, tekstura

1 INTRODUCTION

Magnesium alloys are currently the lightest metal-
based structural materials available and they have great
potential for use in the automotive and aerospace indus-
tries due to their low density, high specific strength, high
specific stiffness, good machinability and ease of recy-
cling.'-3 However, most of the magnesium structural
parts are produced by die-casting,* but a cast magnesium
alloy is coarse, having low strength and poor plasticity so
that the product shape, size and application range are
greatly restricted. Compared with cast magnesium al-
loys, the plastic processing of deformed magnesium al-
loys including grain refinement, thus allowing excellent
mechanical properties, is more suitable for the produc-
tion of large structural parts, and meets the requirements
of structural diversification, showing massive potential
for development.’ Severe plastic deformation (SPD) can
effectively refine the grain size and allow us to obtain a
complete large-size block specimen; by controlling the

*Corresponding author's e-mail:
yongxue395@163.com
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microstructure during the deformation process, a block
material with high strength and high plasticity can be ob-
tained at the same time. Severe plastic deformation
(SPD) is suitable for the preparation of large homoge-
neous fine-grained alloys.¢

SPD has long been considered as one of the best pro-
cesses for refining the grain structure and alloys have
been significantly refined with repetitive SPD,’ but this
requires multiple heating, which consumes a lot of valu-
able energy. With the worldwide energy shortage, energy
conservation and utilization efficiency have become im-
minent. According to some previous studies on the
multi-pass SPD of magnesium alloys, i.e., the ones by
Meng, Zhang et al.,”® the cumulative deformation of
three passes was only 4.11 and 4.04, respectively. On the
contrary, the authors of this article use a new process,
UEU, which combines two passes of conventional upset-
ting and one pass of conventional extrusion allowing in-
tense deformation. A single strain can reach 4.00 and
only one heating is required, which can save energy sig-
nificantly. At the same time, it can effectively avoid the
grain growth caused by a long multiple-strain heat treat-
ment. Taking the high-strength Mg-9Gd-4Y-2Zn-0.5Zr
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alloy® as the object examined from different perspectives,
we observed the microstructural characteristics of differ-
ent parts of the alloy after UEU, and analysed the micro-
structure evolution law and deformation mechanism dur-
ing the extrusion process. The effect of UEU on the
recrystallization of different regions of the alloy micro-
structure was studied to provide a reference for optimiz-
ing the UEU process and preparing fine-grained magne-
sium alloys.

2 EXPERIMENTAL PART

In this experiment, the Mg-9Gd-4Y-2Zn-0.5Zr alloy,
supplied by Silverlight Magnesium Co. Ltd., was used as
a cast billet with a diameter of 32 mm and a length of
150 mm. It was homogenised at 520 °C for 24 h, then
quenched in hot water (70 °C) to obtain a homogeneous
initial ingot.

The UEU process is shown in Figure 1 where the up-
setting cavity has a diameter of 103 mm, the extrusion
split-flap cavity has a diameter of 38 mm, and the extru-
sion/upsetting split-flap cavity has a diameter of 53 mm.
From Equation (1), the cumulative strain for upsetting
and extrusion can be calculated as 1.33, 3.33 and 4.00,

respectively.!®
e =dn 1{2;) ()

Here, n is the number of process orifices; 2R is the
diameter of the upsetting cavity; d is the diameter of the
extrusion cavity.

Before UEU, the blanks and dies were preheated to a
uniform temperature and heated for an isothermal time
of 1 h. The samples were lubricated with an oil-based
graphite lubricant. The UEU process was carried out in a
630 kN hydraulic press at a speed of 5 mm/s; the temper-
ature was reduced from 450 °C to 430 °C after one-pass
UEU. Different regions of a one-pass UEU specimen
were selected for a microstructure analysis and cut from
the UEU specimen. These samples were sandpapered
and polished on a stepless speed polisher, then etched for
5 s in an etching solution consisting of 2 mL of distilled
water, 2 mL of glacial acetic acid, 1 g of picric acid and
14 mL of alcohol. The microstructure was examined in
the ED direction using an optical microscope (OM, Zeiss
Axio Imager Alm) and a scanning electron microscope
(SEM, Hitachi SU5000) equipped with an energy spec-
trometer (EDX). An X-ray diffraction (XRD, Smart Lab
SE) analysis was performed on the samples using the 260
diffraction angle.
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Figure 1: Principle of the UEU processing
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An electron backscatter diffraction analysis (EBSD)
was performed using a scanning electron microscope
(SEM, Hitachi SU5000) equipped with an EDAX-TSL
EBSD system with 20 kV, a 70° tilt angle and a working
distance of 15 mm. Prior to the EBSD observation, the
sample quality was improved by removing the residual
stress layer by running the Leica EM Res 102 ion thin-
ning instrument at 6.5 kV for 35 min, which further
eliminated experimental errors and thus guaranteed the
accuracy of the EBSD measurements. Data processing
was carried out using orientation imaging microscopy
(OIM) software 7.3 to analyse the grain size, grain boun-
dary angles, polar diagrams, etc.

3 RESULTS AND DISCUSSION

3.1 Evolution of the microstructure

In order to study the evolution of the structure during
the repetitive pier extrusion process, the Mg-9Gd-4Y-
27n-0.5Zr alloy was pier extruded in one pass at 450 °C.
The specific sampling areas for metallographic samples
are shown in Figure 2 where region A is the necking re-
gion, region B is the core region, region C is the R/2 re-
gion, region D is the bend region, region E is the up-
per-edge region and region F is the lower-edge region.

Figure 3 shows the microstructure of the longitudinal
section of the concave die area. It is evident that the alloy
deformation in the extrusion area is similar to that of the
positive extrusion after the upsetting of the necking re-
gion, and the arrow in Figure 3 shows the distribution of
the extrusion flow line.

Figure 4 shows OM micrographs of different parts of
the alloy after UEU and their corresponding backscat-
tered electron (BSE) images. It can be found that the
LPSO phase tends to be distributed in a streamline pat-
tern along the extrusion direction, and some of the bulk
LPSO phase breaks and bends at a certain angle. Fig-
ure 5 shows XRD patterns of the organization of different
parts of the alloy after the UEU deformation. Figure 4a
shows the longitudinal cross-sectional microstructure of

Figure 2: Diagram of the specific sampling regions for metallographic
samples
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the region A specimen. Figure 4c¢ shows the micro-
structure of the longitudinal section of the specimen
from region B. As can be seen in Figure 4d, the LPSO
phase is elongated along the extrusion direction having a
jagged boundary. The microstructure of the longitudinal
section of the specimen from region D shown in Figure
4g is dominated by grains with large deformations. Fig-
ure 4i shows the microstructure of the longitudinal sec-
tion at the edge of the E region where complete DRX oc-
curred, and the organization is more homogeneous and
mainly composed of fine equiaxed crystals. This is
mainly due to the fact that the bulk LPSO phase with
high Young’s modulus provides ideal sites for the nucle-
ation of DRX grains during the deformation process
through particle-stimulated nucleation (PSN) mecha-
nism, which promotes dynamic recrystallization (DRX).
On the other hand, in addition to the grain refinement,
there are many dynamic precipitations, namely the
B-phases (Mg 5(Gd, Y, Zn)) around the DRX grains.
These B-phases can inhibit the grain boundary migration
and retard the grain growth. Figure 4k shows the
microstructure of the longitudinal section at the bottom
edge of the specimen. As shown in Figure 4k, most
grains are coarse, with many tiny equiaxed crystals inter-
spersed between the coarse and large grains.

During the alloy deformation after one-pass UEU, no
new phases were formed in different regions of the
microstructure, but the content changed (Figure 5). After
the one-pass process, the grains of the alloy were refined,
and the organization of the E region was the most obvi-
ous (Figure 6f). The typical bimodal microstructure was
not difficult to find at the original coarse grain bound-
aries. Here, it can be observed that the large coarse
grains are elongated along the ED direction, and chain-
like DRX grains appear at the trigonal grain boundaries
(GBs) of the coarse grains. This indicates that discontin-
uous dynamic recrystallization'! occurred after one-pass
UEU. GBs have a significant hindering effect on the
movement of dislocations.!>!3 The movement of disloca-
tions therefore quickly causes stress concentration and
large deformation of GBs.

Figure 3: Longitudinal-section microstructure of the die area of an
UEU sample
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As the pegging effect of these particles on the sliding
of GBs inhibits the growth of DRX grains during UEU,
the proportion of DRX grains continues to increase as
UEU proceeds, while the coarse grains are consumed
more efficiently and their size is refined from 13.21 um
in the A region to 6.64 pm in the B region. The micro-
structure becomes more homogeneous. Although some
of the original coarse grains remain intact after UEU,
more grains are refined into equiaxed grains, contrasting
the ones in the A region, and significant changes in the
microstructure can be observed.

Figure 4: Microstructure images of regions after UEU at 450 °C:
a) A-OM, b) A-BSE, c¢) B-OM, d) B-BSE, e¢) C-OM, f) C-BSE
g) D-OM, h) D-BSE i) E-OM, j) E-BSE, k) F-OM, 1) F-BSE
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Figure 5: XRD analysis of different sampling regions

Table 1: Grain-size distribution for different regions of the alloy after
one-pass UEU processing

Region A B C D E F
Average grain size (um) | 8 7 8 9 7 |30
Standard deviation 13.21/6.64 19.44 |11.83/5.27 |31.23

Figure 6 shows the microstructure evolution in the
region of the specimen cross-section from the centre to
the edge. The same or similar colour indicates the same
or similar grain orientation, and the black part indicates
the LPSO phase. As shown on Figure 6 and Table 1,
there is a layer of fine equiaxed grains close to the edge,
adjacent to the extrusion cylinder wall. In the same
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Figure 6: EBSD orientation maps of the alloy after UEU at 450 °C: a)
B region, b) C region, e) E region and their corresponding grain sizes
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cross-section (where regions B, C and E constitute the
same cross-sectional area), the grains coarsen as the dis-
tance from the edge increases. At the same time, the vol-
ume fraction of refined grains in the microstructure grad-
ually decreases, and the volume fraction of coarse grains
gradually increases. However, after a specific limit is
reached, the coarse grains gradually change into uniform
fine equiaxed crystals as the distance from the edge in-
creases, and the volume fraction of refined grains in the
microstructure gradually increases. The volume fraction
of coarse grains gradually decreases.

3.2 Grain boundary characteristics

Table 2: Dislocation-angle distribution for different regions of the al-
loy after one-pass UEU

Angle deformation
2°-5° 5°-15° 15°-180°
A region (%) 13 3 83
B region (%) 10 3 88
C region (%) 19 4 77
D region (%) 13 2 85
E region (%) 15 4 81
F region (%) 21 4 75

Figure 7 shows the grain-orientation distribution and
the variation in the dislocation angle of the alloy. The
EBSD method was used to statistically investigate the
grain-boundary angles of different regions of the pre-
pared alloy. EBSD plots of the alloy after the UEU treat-
ment at 450 °C are shown in Figure 7. In this case, grain
boundaries with a dislocation angle of 0—15° are called
low-angle grain boundaries (LAGB), while grain bound-
aries with a dislocation angle greater than 15° are called
high-angle grain boundaries (HAGB). The number frac-
tions (NFs) of LAGBs and HAGBs obtained by process-
ing the dislocation angles in different regions of the alloy
are shown in Table 2 where the experimental error is
+ 0.5 %.

Computer simulations of the repetitive extrusion pro-
cess show that the material flows fastest in the central re-
gion, while on the thick side of the pier, near the inner

Materiali in tehnologije / Materials and technology 56 (2022) 4, 351-358
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Figure 7: EBSD maps of the alloy after UEU at 450 °C: a) A region,
¢) B region, e) C region, g) D region, i) E region, k) F region and their
corresponding dislocation angles (b, d, f, h, j, 1)

wall of the extrusion barrel, the material moves the slow-
est. Although the material rheology is fastest in the cen-
tral region on the rough pier side, it is limited by the
amount of deformation, and the local area does not flow
perpendicularly to the extrusion direction. In contrast,
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near the inner side of the extrusion barrel, although the
material flows at a slower rate, the amount of deforma-
tion is more significant and can be observed to be signifi-
cantly elongated along the extrusion direction. Figure 8
shows the kernel average misorientation (KAM) map of
a sample. When the material acquires a higher amount of
deformation, dense dislocations in the as-extruded sam-
ple are mainly concentrated inside the deformed grains,
especially at the grain boundaries adjacent to the recryst-
allized grains (Figure 8d). Figures 8e and 8f show uni-
form low-density dislocations, attributed to the formation
of DRXed grains that consumed numerous dislocations.
On the other hand, when the amount of deformation ob-
tained by the material is small, the dislocation density is
lower during plastic deformation (Figure 8b), so
recrystallization is less likely to occur in the central re-
gion.

Also, the atomic free energy is more considerable for
magnesium alloys with small grain sizes when the defor-
mation temperature is higher.'* When the slip diffusion
energy of grain boundaries is higher than the grain-boun-
dary diffusion energy and the lattice diffusion energy,
grain boundaries undergo a relative slip.'> As can be seen
in Table 2, with the UEU at 450 °C, due to the friction
between the extrusion cylinder wall and the metal mate-
rial, under the action of shear, certain dislocation net-
works at adjacent subgrain boundaries (white circles in
Figures 7g and 7i) with small orientation differences are
formed by dissociating, disassembling and transferring
to the other subgrain boundaries, resulting in the disap-
pearance of subgrain boundaries and the merging of
subgrain boundaries.'® The gradual transformation to
HAGBs occurs due to the continuous movement of dislo-
cations to the new grain boundaries.!” These grain
boundaries absorb dislocations through migration, result-
ing in further consumption of subcrystals and the forma-
tion of refined, dynamically recrystallized grains.'®
Therefore, the grain size is smaller in the area immedi-
ately inside the extrusion barrel.

After the one-pass UEU at 450 °C, observing the
change in the grain-colour distribution from the bound-
aries to the centre in Figure 7, it can be seen that the de-
formed grains are strongly deformed internally. It is not
difficult to find that the HAGBs in Figure 7 are mainly
composed of part of the newly formed recrystallization
and the original coarse grains, while the LAGBs are
mainly found inside the original coarse grains!® near the
DRX grain boundaries where the grains are uniform and
fine. The LAGBs form kink bands as a result of interfa-
cial dislocations arising from the lattice distortion. Dur-
ing the deformation caused by UEU, the LAGB kink
bands reduce the local stress concentration by absorbing
the surrounding dislocations, which eventually transform
into HAGBs.?

On the other hand, these LAGBs help refine and sep-
arate the original coarse grains in the blanks.?' The distri-
bution of dislocation angles is mainly represented by
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Figure 8: KAM maps of the alloy after UEU at 450 °C: a) A region, b) B region, ¢) C region, d) D region, e) E region, f) F region
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Figure 9: (0001) polar plot of different sampling regions on the ED-TD plane of the alloy after UEU: a) A region, b) B region, c¢) C region, d) D

region, e) E region, f) F region

spikes with angles of less than 5° and many HAGBs
(Figure 7). The values of NF of LAGBs gradually de-
crease with the increasing distance from the coarse grain
ring, whereas the values of HAGBs gradually increase,
and new grains containing HAGBs are formed due to the
grain nucleation and growth at the original coarse-grain
boundaries. Moreover, in the region of contact with the
extruded cylinder wall, the outer metal is subjected to
higher shear forces and acquires higher strains due to
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friction, which is most evident in the D region where
secondary recrystallization is also more adequate. As the
UEU process proceeds, the formation of new grains is
accompanied by the formation of new LAGBs within
them and the splitting of the original, coarser grains into
several parts (Figures 7c and 7e). It is noted that the NF
values of LAGBs always appear throughout the evolution
of LAGB microstructures with high NFs. This is referred

Materiali in tehnologije / Materials and technology 56 (2022) 4, 351-358
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to as the characteristic dynamic recrystallization of con-
tinuous dynamic recrystallization (CDRX).

At the beginning of UEU, many refined grains can be
observed at the original coarse-grain boundaries (Fig-
ure 7i). As the extrusion process continues, the original
coarse grains are gradually broken by external forces,
and DRX appears at the newly formed grain boundaries.
This is because dislocations generally accumulate at
grain boundaries when the grains are broken.'® Stress
concentration then occurs, and DRX appears, whereas
the coarsening of the grains in Figure 7k is due to the
growth of the grains after recrystallization. In terms of
thermodynamic conditions, the growth of grains is such
that the coarser the grains in a given volume of metal, the
smaller is the total grain-boundary surface area and the
lower is the total surface energy. As the coarsening of
grains can reduce the surface energy? so that the metal
or alloy is in a more stable, lower free energy state, the
high-energy state tends to shift to lower energy automati-
cally and the recrystallization process is unstable at
large-angle grain boundaries. Hence, the situation from
Figure 7k relies on the energy stored in dislocations to
make the grains grow. This is also corroborated in Fig-
ure 8.

At the same time, along with the release of energy,
the large-angle grain boundaries transform into small-an-
gle grain boundaries, so the NF of LAGBs increases and
that of HAGBs decreases in the lower edge region com-
pared to the upper edge region, as shown in Table 2.

Figure 9 depicts the (0001) pole maps on the ED-TD
plane of the alloy after the one-pass UEU at 450 °C for
different sampling regions. The (0001) base surface of
the extruded alloy is generally parallel to the base sur-
face weave in the extrusion direction. However, after one
pass of UEU, the (0001) base plane exhibits an angle of
approximately 45° to the ED due to die binding in the D
region where the metal flow is at an approximate angle
of 45° to the extrusion direction (Figure 7d). At the
same time, the C and F regions are shifted in the weave
due to the extrusion direction, showing an angle with the
metal-flow direction (Figures 9c¢ and 9f). The (0001)
maximum intensity of the pole figure that appeared in
the samples from the lower part of the edge was 12.972.
Combining this result with the comparison from Table 2,
it can be seen that as the volume fraction of DRX in-
creases, the texture intensity gradually weakens. As the
UEU deformation process is accompanied by an increase
in the amount of accumulated strain, a decrease in the
original coarse grains and an increase in the DRX grains,
the direction of the DRX grains is more random, result-
ing in a decrease in the overall texture strength. DRX
grains play an unparalleled role in weakening the struc-
ture by counteracting the severely deformed structure of
the deformed grains.
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4 CONCLUSIONS

1) In the UEU deformation process, the upsetting
process is realized through grain boundary slip. No new
phases are formed between different regions of a sample,
but their content is changed. The grain refinement near
the barrel wall is evident, and the high-efficiency grain
refinement is mainly due to DRX.

2) In the UEU deformation process, due to the en-
hancement of the dynamic recrystallization process, the
NF of LAGBs gradually decreases and that of HAGBs
gradually increases. The new grains containing HAGBs
are formed by the grain nucleation and growth at the
original coarse-grain boundaries.

3) In the UEU deformation process, the texture of the
magnesium alloy shifts due to the influence of the mould
structure. The texture intensity gradually decreases as the
volume fraction of DRX in the UEU process increases.
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