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Mg-Zn-Zr wrought alloys have been widely developed for lightweight appli-

cations. Zr microalloying contributes to remarkable grain refinement during
solidification and bimodal microstructure via forging. To obtain an optimum
Zr content for a balance between cost and mechanical property, it is necessary
to understand the influence of varied Zr addition levels on the microstructure
and mechanical property of the final forged product. In the present study, two
levels of Zr addition (nominally 0.40 wt.% and 0.60 wt.%) were added to a Mg-
3 wt.% Zn alloy to investigate the effect of varied Zr contents on the
microstructures under as-cast, as-forged and tensile-strained conditions, as
well as the uniaxial tensile properties of the as-forged alloy. The as-forged
microstructures comprise fine dynamic recrystallized (DRXed) grains and
coarse deformed (unDRXed) domains, which become more refined with the Zr
content increasing from ~ 0.43 wt.% to ~ 0.67 wt.%. The microstructural
change caused by the increased Zr addition has minor impact on 0.2% proof
stress but remarkably improves both uniform and post-uniform elongations,

for which the underlying mechanisms have been discussed.

INTRODUCTION

The original function of adding zirconium (Zr)
into magnesium (Mg) is to refine grain size of as-
cast microstructure. Previous studies have revealed
that «-Zr particles can act as heterogeneous nucle-
ation substrate for «-Mg grain and Zr solute has a
strong restricting effect on the growth of o-Mg
grain,’™ both contributing to remarkable grain
refinement. Since Zr has a strong tendency to react
with some elements such as Al, Si and Mn to form
intermetallic compounds (IMCs), the grain refine-
ment effect of Zr addition will be poisoned in the
commonly used Mg-Al-Zn, Mg-Al-Mn, Mg-Al-Si
alloys.1 In contrast, zinc (Zn) and rare earth (RE)
elements such as La, Ce and Gd are compatible with
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Zr. Hence, Mg alloys with Zr, Zn and/or RE as major
microalloying elements have been developed.®®
Among them, Mg-Zn-Zr alloys, such as ZK30 and
ZK60, are the commercially available Zr-containing
Mg wrought alloys which have been widely studied
for applications in the biomedical, aerospace and
automotive industries.” !5

The microalloying of Zr is normally carried out via
adding Mg-Zr master alloy into Mg melt.* Due to
the large difference in the densities of Zr and Mg
(pmg = 1.72 g/em® versus py, = 6.54 g/lem®), a con-
siderable portion of «-Zr particles released from Mg-
Zr master alloy tends to settle to the bottom of
holding furnace resulting in a loss of Zr.'671?
Therefore, to satisfy a required Zr content, an
excess amount of Mg-Zr master alloy needs to be
added. As Zr is much more expensive than Mg, this
adds to the production cost of Mg-Zn-Zr alloys.
Moreover, solute Zr content (Zr;) in the Mg matrix
decreased remarkably after remelting, which
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implies that Zr cannot be recycled by remelting Mg-
Zn-Zr alloy scraps.’’ Therefore, it is necessary to
understand the effects of varied Zr addition levels
on the microstructure and mechanical properties of
Mg-Zn-Zr alloys and optimize Zr content to reduce
the waste of Zr. To refine the grain size of as-cast
microstructure to < 100 um, the total Zr content
(Zry) added to Mg-Zn-Zr alloys was gener-
ally > 0.5 wt.% (all compositions quoted afterwards
are in weight percent unless otherwise stated).*?!
With Zr; further increased, grain refinement effect
did not show remarkable improvement. It is
reported that the grain refinement effect was asso-
ciated with Zr addition saturated at Zr
of ~ 0.6%.>%

In addition to the grain refinement effect, Zr
addition resulted in the formation of Zr-rich coring
structures in the as-cast microstructure,?>?* and
nano-sized Zr-containing particles precipitated out
in the Zr-rich cores during homogenization heat
treatment and hot forming processes.?” 2’ The
formed  Zr-containing  precipitates impeded
dynamic recrystallization (DRX) behavior via Bn—
ning on dislocations and sub-grain boundaries.**2
As a result, bimodal microstructure with coarse
unDRXed domains dispersed in refined DRXed
grains has been widely reported in the Zr-con-
taining Mg alloys after hot deformations.?¢-3%3!
Oh-ishi et al.?! added 0.6% Zr into a Mg-Zn-Ag-Ca
alloy and reported that the obtained bimodal
microstructure after a hot extrusion at 350 °C
exhibited a significantly higher strength relative
to the counterpart without Zr addition. Bhat-
tacharjee et al.>” observed a similar phenomenon
when adding 0.6% Zr into a Mg-6%Zn alloy and
reported that the tensile yield strength of
extruded Mg-6%Zn alloy was increased from
162 MPa to 254 MPa with the Zr addition. Though
past work has shown beneficial impact of Zr
addition on strength property, it is still of great
interest to further explore the effects of varied
levels of Zr addition on the microstructure and
mechanical properties of hot-formed Mg-Zn-Zr
alloys in a systematic comparative study.

Mg-Zn-Zr alloys have attracted great interest
from the automotive industry for lightweight appli-
cations due to their extraordinary plastic deforma-
bility, excellent corrosion resistance and moderate
strength property after hot forming.®?¢333* In the
present study, two levels of Zr addition (0.40% and
0.60% in nominal) were added to a Mg-3%Zn alloy to
evaluate the effects of varied levels of Zr addition on
the microstructure and tensile property of as-forged
Mg-Zn-Zr alloy. As-cast, as-forged and tensile-
strained microstructures were characterized in
detail for understanding the microstructure-prop-
erty relationship, as affected by varied levels of Zr
addition.

EXPERIMENTAL PROCEDURES
Billet Casting

Two levels of Zr addition have been designed for a
Mg-3%Zn-Zr alloy. The alloy with a nominal Zr
content of 0.4% is designated as ‘low Zr,” while the
other alloy with a nominal Zr content of 0.6% is
designated as ‘high Zr.’ Direct-chill (DC) casting of
Mg-Zn-Zr alloy billets was conducted in the plant of
Gonleer Co., Ltd. (Datong, Shanxi Province, China).
The melting of pure Mg and pure Zn wafers was
carried out in a resistance furnace at 740-760 °C
under the protection of a mixed atmosphere of COq
and SFg. The first round of refining was conducted
by introducing refining agent (38 + 3% MgCls,,
37 £ 3% KCI, 10 £ 3% NaCl, 5 + 1% CaCl, and
9+ 3% BaCly,) into the melt and conducting
mechanical stirring with a frequency of 22-24 Hz
for 5 min. Mg-30%Zr master alloy was then added to
the melt, and its dosage was based on the supplier’s
experience that the yield rate of Zr is ~ 40%. The
second round of refining was conducted after the
addition of Mg-30%Zr master alloy, followed by a
30-min standing. The composition of the melt was
measured by spark optical emission spectrum (OES)
method on site. After the alloy chemistry satisfied
the requirement, the casting began. The melt was
transferred to a mold at ~ 730 °C and cast into a log
with a diameter of 400 mm, at an average casting
velocity of 40 mm/min. Samples for chemistry anal-
ysis were taken from 1/2 radius region of the cross
section of the log. Inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) was
applied to determine the contents of Zr,, Zr; and
Zr bound in the undissolved Zr-containing particles
(Zry) according to the methodology described in Ref.
21. The compositions of high- and low-Zr alloy
billets are shown in Table I.

Forging

The obtained billets were machined to a diameter
of 350 mm for extrusion. Prior to extrusion, the
billet was pre-heated to ~ 420 °C and then directly
extruded to a diameter of 228 mm with a ram speed
of ~ 250 mm/min. The main purpose of extrusion is
to eliminate casting porosities and fragment non-
metallic inclusions present in the sub-surface region
of as-cast billet for forgeability improvement. The
billets used for forging were sectioned from the
frontmost portion at die exit of extrusion. Forging
was conducted along the long axis of the extruded
billet by CITIC Dicastal Co., Ltd. (Qinhuangdao,
Hebei, China). Prior to forging the billet was pre-
heated to ~ 400 °C, and the forging speed was ~ 7
mm/s. An obtained forged blank was sectioned along
its centerline as shown in Fig. 1a. Here, the axial,
radial and tangential directions of the forged blank
are referred to as AD, RD and TD, respectively.
Notably, the AD is nearly aligned to the forging
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Table I. Chemical compositions (wt.%) of the as-cast Mg-Zn-Zr alloy billets by ICP-AES

Alloy type In Total Zr (Zr,) Solute Zr (Zr,) Zr in undissolved Zr-bearing particles (Zr;) Mg
High-Zr 2.98 0.67 0.64 0.03 Bal.
Low-Zr 2.84 0.43 0.38 0.05 Bal.
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Fig. 1. (a) Sampling location for tensile testing and microstructural characterization in a forged blank; (b) tensile sample dimension.

direction, and RD and TD directions are symmetri-
cally equivalent.

Tensile Testing

Cylindrical samples for uniaxial tensile testing
were cut from the location highlighted in Fig. 1a
with their long axes aligned nearly along the RD,
and the detailed dimension of cylindrical samples is
shown in Fig. 1b. Uniaxial tensile testing was
carried out using a ZWICK/Roell Z100 (100 kN)
tester at ambient temperatures with a strain rate
of ~1x 1073 gL,

Microstructural Characterization

Optical microscopy (OM) characterization was
conducted using an Olympus BX51M optical micro-
scope, and scanning electron microscopy (SEM)
characterization including energy-dispersive spec-
troscopy (EDS) and electron backscattering diffrac-
tion (EBSD) detections was performed using a
TESCAN MIRAS3 instrument equipped with an
Oxford Ultim Max EDS system and Oxford C-Nano
EBSD detector. EBSD datasets were processed

using AZtecCrystal 2.1 software (Oxford Instru-
ments, UK) and MATLAB R2021b (Mathworks,
USA) with MTEX 5.8.1 toolbox.?® Electron probe
microanalysis (EPMA) was performed using a JEOL
JXA-8530F instrument. Specimens for microscopic
characterizations were all first wet ground using
silicon carbide papers and then mechanically pol-
ished and ultrasonically cleaned. Samples of as-cast
alloys were etched with a solution of 4 mL acetic
acid, 4.4 g picric acid, 70 mL alcohol and 6 mL
distilled water for OM characterization and 8 vol.%
nitric acid alcohol solution for SEM and EPMA
characterizations. For as-forged alloys, the samples
were etched with 1 g oxalic acid, 1 mL nitric acid,
1 mL acetic acid and 150 mL distilled water for OM
characterization and electrolytic polished with
4 vol.% perchloric acid alcohol solution for EBSD
characterization.

Specimens for transmission electron microscopy
(TEM) and scanning transmission electron micro-
scopy (STEM) characterizations were first mechan-
ically ground and then twinjet polished using
30 vol.% nitric acid and 70 vol.% methanol solution
at an applied voltage of 20 V and a temperature of
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— 30 °C. TEM and high-angle angular dark-field
(HAADF) STEM imaging was performed using a
FEI Talos F200S microscope operated at 200 kV.

RESULTS
As-Cast and As-Extruded Microstructures

Figure 2 shows as-cast microstructures at 1/2
radius regions of cross section of the high- and low-
Zr alloy logs, respectively. Both as-cast microstruc-
tures were composed of equiaxed «-Mg grains and
eutectic structures located in the inter-dendritic
regions as indicated by the arrows. Eutectics was
formed via binary or ternary eutectic reactions in
the late stage of solidification after the nucleation
and growth of primary «-Mg dendrite. Across the
region of interest, the mean grain size was mea-
sured by linear intercept method to be approxi-
mately 70 + 4 ym over 70 grains and 270 £+ 4 ym
over 18 grains for high- and low-Zr alloys, respec-
tively. As-cast grain size was significantly refined by
the increment in Zr content. In addition, both high-
and low-Zr alloys exhibit equiaxed grain morphol-
ogy. Figure 3 shows the EPMA mapping results for
the as-cast microstructures of high- and low-Zr
alloys. Both alloys have eutectic Mg-Zn IMCs and
Zn-Zr particles located at the grain boundary
region.

Zm and Zr segregations can be found in the as-cast
microstructures of Mg-Zn-Zr alloys. Zn tends to
segregate near the grain boundary region while Zr
tends to segregate toward the grain center (Fig. 3b
and e). In high-Zr alloy, most grains have a
spherical Zr-rich core, and some of the Zr-rich cores
have a tiny a-Zr particle embedded in the center, as
highlighted in Fig. S1 (supplemental material
online). These particles may be undissolved «-Zr
particles released from the added Mg-Zr master
alloy or alternatively primary o-Zr particles

crystallized prior to «-Mg grains in the initial
solidification stage. The presence of o-Zr particle in
the center of «-Mg grain supports the hypothesis
that the Zr-rich core is the product of a peritectic
reactlon (liquid + o-Zr — o-Mg).! According to
Emley,' the o-Zr particle which acted as the nucle-
ation substrate for «-Mg grain can be found only if
the section happened to cut through them. In
contrast, for low-Zr alloy, the distribution of Zr
solute is more homogeneous. Also, no Zr-rich parti-
cle was found in the Zr-rich regions based on SEM
observations, referring to Fig. S1. This indicates
that the heterogeneous nucleation of «-Mg grain on
the o-Zr particle was rare in the solidification of low-
Zr alloy. In addition, quantitative line scans were
plotted on the EPMA maps to probe Zr segregation.
Figure 3c shows the Zr concentration profile along
the scanning line marked in Fig. 3a. Zr content in
the Zr-rich core of high-Zr alloy ranges from ~ 1% to
~ 3%. Figure 3f shows Zr concentration profile
along the scanning line marked in Fig. 3d. Zr
content in the Zr-rich region of low-Zr alloy ranges
from ~ 1% to ~ 2%, which is substantially lower
than that in the Zr-rich core of high-Zr alloy.

OM images for the as-extruded billet can be found
in Supplementary Fig. S2 in which extrusion direc-
tion and radial direction are annotated as ED and
RD, respectively. Grain size and grain morphology
in the center and 1/2 radius regions of cross-section
remained unchanged after extrusion, while grains
in the near-surface region were considerably elon-
gated as deformed by extrusion. In addition, some
DRXed grains have been identified in the near-
surface region of high-Zr alloy. As the billet sec-
tioned for forging was from the frontmost of the
extruded log at die exit which experienced the
lowest strain during extrusion and the overall
extrusion ratio is only ~ 2.4, the microstructural
change induced by extrusion was minor.

>
(Y
v L

- h.&_','o

O
M IR

P
ol

s

e

Wos
“

»
g |

N d
\

Fig. 2. Optical microscopic graphs of as-cast microstructure for (a) hlgh -Zr and (b) low-Zr alloys (eutectic compounds of black contrast at grain

boundaries are indicated by arrows).
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Fig. 3. EPMA results for the as-cast microstructure of (a—c) high-Zr alloy and (d—) low-Zr alloy: (a, d) backscattered electron micrographs with
the corresponding elemental maps of (b, €) Zn and Zr mapping; (c, f) quantitative line scan results of Zr and the line scan location is shown in (a)

and (d).

As-Forged Microstructure

As shown in Fig. 4, the as-forged microstructures
of high- and low-Zr alloys are bimodal, consisting of
coarse unDRXed domains and fine DRXed grains. In
high-Zr alloy, the unDRXed domains are of elliptical
shape, with their long axes nearly aligned to the RD
(Fig. 4a and c), while in low-Zr alloy, the unDRXed
domains were considerably larger in size and of
irregular morphology (Fig. 4b). As seen at a higher
magnification (Fig. 4d), some unDRXed domains
have been heavily elongated, yielding much larger
aspect ratios. In addition, a few twin-like features of
lenticular morphology can be found in some
unDRXed domains as highlighted in Fig. 4f. The
average DRXed grain sizes of high- and low-Zr
alloys were calculated using linear intercept method
(averaged over 110 grains) to be 5.1 + 0.1 ym and
6.8 + 0.3 um, respectively.

EBSD measurements were performed to gain
information on boundaries and grain orientations
of the as-forged microstructures. Inverse pole fig-
ure (IPF) maps, superimposed with grain bound-
aries (GBs, misorientation > 5°) in black color and
sub-GBs (misorientation of 2°-5°) in cyan color, are
shown in Fig. 5. According to Fig. 5a and d, the
overall as-forged microstructures of both high- and
low-Zr alloys are strongly basal-textured with their
{0001} planes nearly perpendicular to the AD (i.e.
nearly perpendicular to the forging direction).
According to the {0001} pole figures (PF) of Fig. 5a
and d, texture intensities of the as-forged high- and
low-Zr alloys are similar. In Fig. 5b and e, only
DRXed grains were rendered in IPF color. The
methodology applied to differentiate DRXed grains
from deformed parent grains is based on the grain
orientation spread (GOS) value®®3” and grain size.
Here, DRXed grain has been defined as the grain of
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Fig. 4. Optical microscopic graphs of as-forged microstructure for high-Zr alloy (a), (c) and (e) and low-Zr alloy (b), (d) and (f). Red arrows in (f)

highlight twin-like features of lenticular morphology (Color figure online).

GOS wvalue< 1.5° and equivalent diame-
ter < 20 um, and the detailed reasoning for this
definition is given in the authors’ previous
research.?®3® The area percentages of DRXed grains
are 48% and 38% for high- and low-Zr alloy,
respectively. In addition, sub-GBs are mostly seg-
regated in the unDRXed domains. Histograms of
boundary misorientation distribution derived from
Fig. 5a and d are plotted in Fig. 5¢ and f, respec-
tively. A noticeable difference between the alloys is
that a peak can be found in the misorientation
range of 86° + 5° in low-Zr alloy while is absent in
high-Zr alloy. This peak is probably from {1012}
extension twin boundary (TB) as the characteristic
misorientation of extension TB is ~ 86.3°. This is
consistent with the observation that twin-like fea-
tures are present in the unDRXed domains of low-Zr

alloy (Fig. 4f) while absent in the unDRXed domains
of high-Zr alloy (Fig. 4e).

TEM analysis of the as-forged microstructures
revealed the presence of nano-sized precipitates.
For both alloys, there is a distinguishable boundary
demarcating the precipitate-rich and -lean regions.
Representative regions are shown in Fig. 6a and c
for high- and low-Zr alloys, respectively. Figure 6b
and d shows HAADF-STEM images of precipitates
at a higher magnification along with the corre-
sponding EDS mapping results. The precipitate
primarily comprises Zn and Zr. The precipitation
of nano-sized Zn-Zr particles has been widely
reported in varied Mg-Zn-Zr-(RE) alloys contain-
ing > 0.4% Zr.25%"29%%-38 Dyring homogenization
heat treatment, solution heat treatment and hot
forming processes (e.g. forging, extrusion), super-
saturated Zr atoms in the Zr-rich cores/regions tend
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Fig. 5. IPF-AD maps (step size of 1 um) superimposed with grain/sub-grain boundaries of the overall microstructure and DRXed portion for high-
Zr alloy (a)—(b) and low-Zr alloy (d)—(e) (the corresponding {0001} PFs are also given for (a) and (d)); (c) and (f) are boundary misorientation
histograms derived from (a) and (d). The portion of misorientation angles of 86° + 5° is highlighted in (f).

to combine with Zn atoms to form Zn-Zr precipi-
tates. In the present study, the observed Zn-Zr
precipitates were likely formed in the applied
extrusion and forging processes.

Notably, the observed Zn-Zr precipitates are of
rod-like and polygonal morphologies in both alloys.
This indicates that Zn-Zr precipitates of different
chemistries and/or crystallographic structures may
co-exist. A similar phenomenon has been reported
by Guan et al.*! in which the ZnyZr; phase of
primitive tetragonal crystal structure and Zn,Zr
phase of face-centered cubic structure precipitated
out with different morphologies in a solution heat
treated Mg—5.0Sm-0.6Zn-0.5Zr (wt.%) alloy. Based
on the 2D projection of Zn-Zr precipitates in the
precipitate-rich region under STEM-HAADF obser-
vation, average equivalent diameter of the precip-
itates was calculated to be 12.9 + 6.9 nm and
19.8 + 10.2 nm (averaged over 700 particles) for
high- and low-Zr alloys, respectively. The corre-
sponding number density was 811 + 215 unit/um?
and 565 + 109 unit/um? for high- and low-Zr alloys,

respectively. Theoretically, the greater degree of
supersaturation of Zr will lead to the precipitation
of Zn-Zr 2par‘cicles of finer size and higher number
density.*

Tensile Property and Tensile-Strained
Microstructures

The as-forged Mg-Zn-Zr alloys were tensile tested
quasi-statically at ambient temperature, and the
corresponding engineering stress—strain curves are
shown in Fig. 7a. The increased Zr addition only
results in a slight increment of ~ 11.6 MPa in
average 0.2% proof stress (Table II). To further
understand the impact of Zr addition on strength
property, elastic limits have been determined as
illustrated in Fig. 7b. The average elastic limit of
high-Zr alloy is ~ 9.5 MPa higher than that of low-
Zr alloy (Table II). The strain hardening curves of
high- and low-Zr alloys are almost overlapped, as
shown in Fig. 7c, which indicates that the strain
hardening capability of both alloys are comparable.
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Fig. 6. TEM micrographs for the as-forged microstructure of (a-b) high-Zr and (c-d) low-Zr alloy: (a, c) bright-field images at a low magnification to
show demarcation between Zr-rich region and Zr-lean region; (b, d) HAADF-STEM images of Zn-Zr precipitates with the corresponding EDS

mapping results.

Hence, the difference in 0.2% proof stress between
the alloys can be primarily attributed to the change
in elastic limit. In addition, the increased Zr addi-
tion significantly improves tensile ductility. As
shown in Table II, the uniform and post-uniform
elongations of low-Zr alloy are ~ 10.1% and ~ 0.6%,
respectively, while the counterparts of high-Zr alloy
are ~ 13.9% and ~ 6.4%, respectively. The incre-
ment in post-uniform elongation caused by the
increased Zr content is more significant.

Optical micrographs of the microstructures on the
longitudinal section of the tensile-strained samples
are shown in Fig. 8. For the low-Zr alloy samples
tensile strained to ~ 2% and ~ 4%, microstructural
change was minor. As the strain was increased
to ~ 10%, profuse twins were observed, especially
within the unDRXed domains as highlighted in
Fig. 8c, while for the high-Zr alloy sample tensile
strained to ~ 10%, only a few twins could be
observed in the unDRXed domains, as highlighted

in Fig. 8f. The results indicate that twinning ten-
dency is significantly reduced with the increased Zr
addition. For high-Zr alloy, a remarkable
microstructural change induced by tensile straining
is that the aspect ratio of unDRXed domains
becomes larger with the long axes aligned to the
tensile axis. Microstructures near the fractured
surfaces of the tensile-to-fracture samples were also
checked by OM, as shown in Fig. 9. For both alloys,
twins not only formed in unDRXed domains but also
in DRXed grains. Furthermore, profuse twin cluster
and twin-twin intersections can be found near the
fractured surfaces or long cracks, as highlighted in
Fig. 9.

The widely reported twinning systems in Mg
alloys are {1012} extension twinning and {1011}
compression twinning. The former tends to be
activated when loading geometrically favors tension
along the c-axes of grains,*® and the latter operates
when grains are deformed in compression along
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Table II. Uniaxial tensile property of as-forged Mg-Zn-Zr alloys

Elastic limit (MPa)

0.2% Proof stress (MPa)
Ultimate tensile stress (MPa)
Uniform elongation (%)
Post-uniform elongation (%)
Elongation to fracture (%)

High-Zr alloy Low-Zr alloy

58.8 + 0.6 49.3 £ 2.3
158.3 £ 6.7 146.7 £ 5.5
265.7 £ 1.2 250.3 £ 2.5

139+ 0.4 10.1 £ 0.5

6.4+19 0.6 £ 0.3

203 £ 1.6 10.7 £ 0.5

their c-axes.*®*! In addition, a secondary extension
twin may nucleate inside a compression twin to
form {1011}-{1012} double twins. The twins formed
in the region near the fractured surface of a low-Zr
alloy sample were identified via EBSD characteri-
zation based on angle/axis relationship of bound-
aries,*? as shown in Fig. 10. Most of the twins were
indexed as extension type. Notably, the matrix is of
typical basal orientation with the c-axes of most
grains nearly perpendicular to the tensile axis.
Under this condition, the activation of extension
twinning was not favored because of the

unidirectional nature of the twinning mechanism.
Ando et al.**** observed similar anomalous activa-
tion of extension twinning during the tensile defor-
mation of a basal-textured AZ31 Mg sheet when the
loading direction did not favor extension twinning.
It was explained that the anomalous extension
twinning was activated to relax strain incompati-
bility between the neighboring grains rather than to
accommodate the plastic strain incurred by external
loading. It is interesting that though the tensile
loading parallel to basal plane geometrically favors
the activation of compression twinning, only a
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Fig. 8. Optical microscopic graphs of tensile tested microstructure for high-Zr (a)—(c) and low-Zr alloys (d)—(f). Varied engineering strains were
obtained including 2% (a) and (d), 4% (b) and (e) and 10% (c) and (f). The microstructures are observed on the longitudinal section of middle
region in the gauge length of tested samples. Clusters of twin-like features are highlighted in (c) and (f).
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Fig. 9. Optical microscopic graphs of the microstructures near the fractured surfaces of (a) high-Zr alloy and (b) low-Zr alloy. Twin clusters near

the fractured surface and long cracks were highlighted.

limited fraction of compression twins was observed,
and double twin was absent in the fractured sam-
ples. A potential explanation is that the plastic
strain has been localized at the sites of compression
and double twins,***® which retarded an accurate
indexing of these twin boundaries in EBSD
analysis.

DISCUSSION

Effects of Zr Addition on Microstructural
Evolution

The present study revealed that the microstruc-
ture evolution of Mg-Zn-Zr alloys during casting
and forging was affected by Zr addition levels.
Chemical analysis results shown in Table I indicate
that undissolved Zr-containing particles were pre-
sent in both high- and low-Zr alloys. The undis-
solved Zr-containing particles can be categorized
into three types: (1) o-Zr particles inherited from the
added Mg-Zr master alloy which were not

completely dissolved prior to casting;'® (2) primary
a-Zr particles nucleated from the melt, owing to the
reduced solubility of Zr in the molten Mg with
decreased temperature; (3) Zn-Zr intermetallic par-
ticles formed via eutectic reactions and located
within inter-dendritic regions (Fig. 3 and Fig. S1).
An equilibrium Mg-Zr binary phase diagram plotted
using Pandat software with PanMg2021 database is
shown in Fig. S3. It is predicted that the solubility of
Zr in liquid Mg at the peritectic temperature
(~ 654 °C) is ~ 0.57%. In the previous research,
solubility of Zr in liquid Mg at the peritectic
temperature is reported as only 0.45%*° or 0.50%.°
Since Zr, of high- and low-Zr alloy was measured to
be 0.64% and 0.38%, respectively, in situ formed o-
Zr particles would probably be present in the
casting of high-Zr alloy while be absent in the
casting of low-Zr alloy.

For high-Zr alloy, Zr, is higher than the solubility
of Zr at the peritectic temperature and «-Zr particles
suspended in the melt would participate into the
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Fig. 10. (a) IPF-AD map (step size of 0.5 um) superimposed with grain/sub-grain boundaries and (b) band contrast map superimposed with twin

boundaries of as-forged low-Zr alloy strained to fracture.

peritectic reaction (liquid + «-Zr — o-Mg) to form
Zr-rich coring structures in the resulting as-cast
microstructure, while for low-Zr alloy, the peritectic
reaction was unlikely to occur because of the
insufficient Zr, content, though undissolved «-Zr
particles may have existed in the melt. Therefore,
the observed Zr-rich regions in the as-cast
microstructure of low-Zr alloy mainly resulted from
solute segregation at the solidification front. Con-
sequently, Zr content in the Zr-rich regions of low-
Zr alloy is lower compared to that in the Zr-rich
cores of high-Zr alloy.

Another important impact from the lower Zr, and
the absence of the peritectic reaction is that the as-
cast grain size of low-Zr alloy is much coarser
(Fig. 2), which may affect the size distribution of
unDRXed domains in the as-forged microstructures.
The morphology and size distribution of the
unDRXed domains in the as-forged microstructure
of high-Zr alloy (Fig. 4c¢) are similar to the Zr-rich
coring structures observed in its as-cast microstruc-
ture (Fig. 3b). It is inferred that the formation of
unDRXed domains in high-Zr alloy mainly resulted
from Zenner pinning effect exerted by the Zn-Zr
particles precipitated in the Zr-rich cores on the
movement of dislocations and sub-GBs.?”*! In con-
trast, the size of unDRXed domains present in the
as-forged microstructure of low-Zr alloy (Fig. 4d) is
substantially larger than the Zr-rich regions in its
as-cast microstructure (Fig. 3d). This implies that
the precipitation of Zn-Zr particles is not the
deterministic factor for the formation of unDRXed
domains in low-Zr alloy. Conventionally, DRX ini-
tiates at the grain boundary region via grain
boundary bulging mechanism and gradually
spreads to the grain interior to consume the whole
grain. A more likely explanation for the formation of
large-sized unDRXed domains in low-Zr alloy is that

DRX kinetics under the present forging condition
was insufficient to consume the initial coarse-
grained microstructure.

According to Fig. 8, the as-forged high-Zr alloy
exhibited a suppressed twinning activity compared
to the as-forged low-Zr alloy. The intrinsic
microstructural features affecting the twinning
tendency mainly include grain orientation, grain
size and precipitated particles in the grain interior.
According to the EBSD results shown in Fig. 5, both
alloys show basal-textured microstructures which
do not favor the activation of extension twinning in
the uniaxial tensile test conducted in the present
study. Hence, the influence of grain orientations can
be ruled out. It has been widely reported that
smaller grain size yields a higher twin-interface
energy resulting in a higher CRSS value for the
activation of twinning.'?°°3 Both the unDRXed
domains and DRXed grains of high-Zr alloy are
more refined than the counterparts of low-Zr alloy,
which may result in the reduced twinning tendency.
In addition, it has been reported that finely dis-
persed precipitates contributed to the suppression
of mechanical twinning in the coarse unDRXed
domains of Mg alloys.>*** As mentioned above, the
unDRXed domains of high-Zr alloy showed very
good correlation with the initial Zr-rich coring
structures in the as-cast microstructure whereas
the unDRXed domains of low-Zr alloy were much
larger than the initial Zr-rich regions in the as-cast
microstructure. Hence, the unDRXed domains of
high-Zr alloy are expected to be occupied by Zn-Zr
precipitates with a high number density in a more
homogeneous distribution manner. This may also
contribute to the reduced twinning tendency of
high-Zr alloy.
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Effects of As-Forged Microstructure
on Tensile Property

The main deformation mechanisms in Mg and its
alloys include dislocation slip and mechanical twin-
ning. The most frequently activated slip systems in
room-temperature deformation include
{0001} < 1120 > basal slip and
{1010} < 1120 > prismatic slip. For the twinning
systems of Mg alloys, {1012} extension twinning has
a relatively low critical resolved shear stress (CRSS)
value and tends to be activated when loadin%
direction favors tension along the c-axes of grains,”
while {1011} compression twinning operates when
grains are deformed in compression along the c-
axes.?®*! Due to a very high CRSS value of {1011}
compression twinning,’® compression twins were
less frequently observed under room-temperature
deformation. According to the OM characterizations
of the Mg-Zn-Zr alloys at varied tensile strain levels
(Fig. 8), the density of twins did not increase in the
incipient deformation stage of tensile strain < 4%
compared to the initial as-forged microstructures
(Fig. 4). It is inferred that twinning is not the
dominant deformation mechanism in this stage.
This is consistent with the results of previous
studies'®**%%57 in which tensile tests were con-
ducted on the as-extruded and as-rolled Mg alloys
with the tensile axis nearly perpendicular to the c-
axes of a-Mg grains. Hence, it is speculated that the
deformation mechanism responsible for macro-
yielding of the Mg-Zn-Zr alloys was dislocation slip.
In general, a stronger basal texture®>*® will
increase the stress required to activate basal slip
when the loading tends to compress along the basal
poles. In addition, CRSS of basal slig tends to
increase with decreasing grain size.’>®° Since the
texture of the two as-forged alloys are similar
(Fig. 5), the slightly higher elastic limit of the as-
forged high-Zr alloy (Table II) could be mainly
attributed to the effect of microstructure refinement
(Fig. 4).

The higher uniform elongation of the as-forged
high-Zr alloy needs to be analyzed from multiple
aspects. Previous research reported that texture has
a strong correlation with uniform elongation of Mg
alloys.”®%! The underlying mechanism is that strain
hardening rate will be enhanced when profuse
extension twinning can be activated in the early
stage of deformation. Referring to Figs. 7 and 8, it is
obvious that twin-induced strain hardening is
absent in the tensile deformation of the as-forged
high-Zr alloy. In another aspect, a work conducted
by Barnett* built a correlation between the flow
localization induced by double twins and decreased
uniform elongation. It has been well accepted that
plastic strain accommodated by basal slip will be
localized within double twins formed in the basal-
oriented Mg matrix leading to stress concentration
and subsequently initiation of cracks at the twin

boundaries.** Hence, the suppressed twinning
behavior in the as-forged high-Zr alloy may con-
tribute to the higher uniform elongation.

As for post-uniform elongation, it has been widely
reported that grain size plays a deterministic role in
the tensile deformation of basal-textured Mg
alloys.”®%17%3 It was interpreted that decreased
grain size enhanced dynamic recovery in the late
stage of deformation, which improved post-uniform
elongation.®®%* As aforementioned in Sect. “Tensile
Property and Tensile-Strained Microstructures”,
extension twinning is responsible for releasing
stress concentrations at grain boundaries. When
extension twinning is suppressed in the fine-
grained microstructure, non-basal slip activity
may be enhanced because of the unrelaxed stress
concentrations at grain boundaries. The activation
of non-basal slip systems contributes to increased
dynamic recovery and improved post-uniform elon-
gation. This is consistent with our observation that
the formation of profuse extension twins was sig-
nificantly delayed in the as-forged high-Zr alloy
during tensile deformations (Fig. 8) with a much
larger post-uniform elongation relative to the as-
forged low-Zr alloy.

In a summary, increasing Zr addition from
~ 0.43% to ~ 0.67% has a minor impact on 0.2%
proof stress but remarkably improves tensile duc-
tility. If high ductility (> 20%) is required for a
forged Mg-Zn-Zr product, it is suggested to add Mg-
Zr master alloy to an amount where the solute Zr
content in the molten Mg exceeds the solubility of Zr
at the peritectic temperature. If strength is the sole
critical property, a lower total Zr content of ~ 0.4%
may be desirable, which can help save cost via
reducing the dosage of Mg-Zr master alloy. In
addition, the relatively lower twinning tendency of
High-Zr alloy may be beneficial for fatigue durabil-
ity and fracture toughness, which warrants further
investigations.

CONCLUSION

In the present study, Mg-Zn-Zr alloys with two
levels of Zr addition (Mg-3%Zn-0.43%Zr and Mg-
3%7Zn-0.67%Zr) were prepared. Systematic charac-
terizations have been conducted on as-cast, as-
forged and tensile-strained microstructures of the
Mg-Zn-Zr alloys to understand their microstruc-
ture-property relationship as affected by varied
levels of Zr addition. The following conclusions can
be drawn:

1. With the total Zr addition increasing from 0.43%
to 0.67%, solute Zr content significantly in-
creased from 0.38% to 0.64%, which activated
the o-Zr particles suspended in the molten Mg to
nucleate «-Mg grains in a peritectic reaction
(liquid + a-Zr — «-Mg). As a result, grain size
has been refined from ~ 260 ym to ~ 70 ym. In
addition, Zr-rich coring structures were present
in Mg-3%Zn-0.67%Zr alloy while absent in Mg-
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3%7Zn-0.43%7Zr alloy. For Mg-3%7Zn-0.43%7Zr
alloy, Zr-rich regions can be observed in the
as-cast microstructure due to the partitioning of
Zr solute at liquid—solid interphase in solidifi-
cation. Zr supersaturation in the Zr-rich regions
of Mg-3%Zn-0.43%Zr alloy is lower than that in
the Zr-rich coring structures of Mg-3%Zn-
0.67%Zr alloy.

2. Subjected to the forging process, both alloys
exhibit basal-textured bimodal microstructures
comprising coarse unDRXed domains and fine
DRXed grains. Both unDRXed domains and
DRXed grains became more refined with the
increased Zr content. The formation mechanism
of unDRXed domains in the Mg-Zn-Zr alloys is
potentially different. For Mg-3%Zn-0.67%Zr
alloy, unDRXed domains in the as-forged
microstructure inherited initial Zr-rich coring
structures in the as-cast microstructure, caused
by the pinning effect of precipitated Zn-Zr
particles exerted on the movement of disloca-
tions and subgrain boundaries. In contrast, the
formation of unDRXed domains of Mg-3%Zn-
0.43%Zr alloy is probably because that DRX
kinetics under the present forging condition was
insufficient to consume the initial coarse-
grained microstructure.

3. Increasing Zr addition from ~ 0.43% to ~ 0.67%
has a minor impact on 0.2% proof stress but
remarkably improves tensile ductility. Both
uniform and post-uniform elongations became
larger with the increased Zr content, which
likely resulted from the suppressed twinning
tendency incurred by refined microstructure
and a high number density of Zn-Zr particles
which homogeneously precipitated in the
unDRXed domains.
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