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Effect of Zr Content on the Distribution Characteristic of the 14H and 18R LPSO Phases
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Zirconium (Zr) is an essential element in Mg-Zn and Mg-Zn-Y system magnesium alloys. In this
study, an interesting phenomenon that the content of Zr element could influence the size and the
morphology of the long period stacking ordered (LPSO) phases, which has never been reported
by previous works before. The Mg, . Zn Y Zr (x =0, 0.1, 0.2 and 0.3 at. %) magnesium alloys
were fabricated by directional solidification, and the effects of the Zr content on the distribution
characteristics of the bulk LPSO phases (18R) and the lamellar LPSO phases (14H) were investigated.
The directional solidification technology showed good controllability in LPSO phase’s distribution,
and the morphology of LPSO phases in Mg,, . Zn .Y Zr_(x =0, 0.1, 0.2 and 0.3 at. %) alloys were
observed clearly. The results showed that the amount and the morphology of the 14H and 18R LPSO
phases within grains continuously decreased with the Zr content increasing. The continuous 14H
lamellar structure changed to discontinuous. In addition, Zr element exhibited purification ability on
the grain boundaries and refined effect on the 14H and 18R LPSO phases. This can be attributed to
the influence of Zr atoms on stacking fault energy (SFE) and the attraction of Zr atoms to Mg atoms.

Keywords: Mg-Zn-Y magnesium alloys, Long Period Stacking Ordered (LPSO) phases, Stacking

Fault Energy (SFE), Zirconium (Zr).

1. Introduction

In recent years, the high-performance lightweight
magnesium alloys have received many attentions in various
fields, such as aviation, aerospace, transportations, chemicals,
3C (Computer, Communication and Consumer electronics)
and other industries'. Currently, according to the reports,
the consumption of magnesium alloys has increased to the
third place as structural material, second only to iron-based
and aluminum-based alloys’. The ZK60 magnesium alloy is
one of the commercial wrought magnesium alloys with high
strength. However, ZK60 is still limited in its application
due to their poor room temperature ductility compared with
commercial aluminum alloys®*!*. In order to improving the
ductility of ZK60 at room temperature, an effective approach
is transforming the brittle phase to ductility phase. Therefore,
with the addition of rare earth (RE) elements, the brittle
Mg-Zn phase can transform to LPSO phases, which exhibit
good ductility'?®. Furthermore, the RE elements not only
purifies the magnesium alloy matrix, but also contribute
to refine the grains. In the Mg-M-RE systems (M=Al,
Ni, Cu and Zn; RE=Y, Gd, Dy, Ho, Er, Tb and Tm) alloys,
LPSO phase would strongly hinder the basic slip system
through the formation of the kink binds during the loading
and deformation process of the magnesium alloys, thereby
RE-magnesium alloys not sacrifice toughness, and keep high
strength?*?2, Generally, 14H and 18R are the most common
LPSO phases which in the form of block and lamellar in
magnesium alloys, and studies have found that there is a certain
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orientation relationship between 14H and 18R*?. Due to
the similar brick-wall structure between the 14H phase and
the magnesium matrix, the breakage of one brick could not
cause a wall to collapse. Therefore Mg-Zn-Y system alloys
can be expected to be good candidates for high strength and
high toughness magnesium alloy materials.

Zr is an essential alloying element for both Mg-Zn
and Mg-Zn-Y system alloys. Although the content of Zr
in magnesium matrix is very low, its effectively refined
effect on Mg grains, so it deserves much attention for many
researchers. It is widely accepted that the Zr element can
be the powerful nucleant of magnesium and improve the
nucleation amount of grains due to the similarity in the
lattice parameters between Zr and Mg. However, the trace
Zr elements are difficult to find by common ways, there is
no direct evidence to prove the refinement mechanism of
Zr element in magnesium alloys*?%. Not only Zr element
has the grain refined effect, but the other effects cannot be
ignored as well. Robson and Paa-Rai”’ found that Zr can
reduce the amount of aging precipitates and decrease the
age hardening effect on magnesium matrix. It is attributed
to the precipitation of coarse Zn-Zr phases which inhibit
the precipitation of B’-MgZn phase. Because of the lattice
distortion releasing and thermal conductivity improving, the
solubility content of Zn would decrease significantly with
the Zr adding?”?. Li et al.”” investigated the microstructure
and thermal conductivity of Mg-2Zn-Zr alloy, they found
the main precipitated phases of Mg-2Zn-Zr alloy are Zn,Zr
and Zn,Zr,, and they concluded that these phases improved
both the thermal conductivity and the strength of Mg-2Zn-Zr
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alloy. Although the reasons of these effects were not clearly,
the fact that the Zr element contributes to improving the
mechanical and physical properties of the Mg-Zn series
alloys cannot be ignored.

In present work, the Mg-Zn-Y alloys were prepared by
direction solidification to control, and the distribution of LPSO
phase in Mg-Zn-Y alloys were observed obviously, and the
relationship between the content of Zr and the distribution
characteristics of LPSO phase were also established in this
study. Furthermore, the distribution characteristics of LPSO
phases in Mg-Zn-Y alloys changed with the Zr element
adding which might prove a new perspective to control the
growth process of LPSO phases and provide a new idea
for designing high strength and high toughness Mg-Zn-Y
system alloys.

2. Experimental

2.1 Material preparation and heat treatments

The master ingots with different nominal composition
Mgy, s Zn, Y Zr , x =0, 0.1, 0.2 and 0.3 at. %) were
prepared by resistance furnace in an argon atmosphere. pure
Mg (>99.8%), pure Zn (>99.8%), Mg-25%Y (wt. %) and
Mg-25%Zr (wt. %) were used as the raw materials.
The ingots were re-melted in a self-manufactured furnace
as previously described in Xu et al.*® and Li et al.3!.
The ingots were putted into stainless steel crucibles with
a28/30 mm diameter (inside/outside diameter) and a length
of 165 mm. The directional solidification process was
carried out in the argon atmosphere. The specimens were
heated to 1003 K over 1h and thermally stabilized for 2 h.
After that, turned off the bottom set of resistive wires,
cooled the bottom of crucibles by a water-cooled copper
base, and then controlled the top set of resistive wires to
keep the samples cool with 10 °C/min. At the end of the
experiment, when the temperature went down to 673 K,
turned off all the power and remained the sample in the
furnace until the temperature down to room temperature.

2.2 Microstructural characterizations

The chemical composition of Mg, . Zn Y Zr (x =0,
0.1, 0.2 and 0.3 at. %) alloys was measured by inductively
coupled plasma-atomic emission spectrometry (ICP-AES),
as listed in Table 1. The casting samples were mechanically
polished and etched with 4% nital, an ethanol solution of picric
acid and glacial acetic acid (2.0 g picric acid, 5 ml glacial
acetic acid, 5 ml water and 25 ml ethanol). Microstructures
of specimens were analyzed by optical microscope (OM)
and FEI SIRION 200 scanning electron microscopy (SEM)
equipped with an Oxford energy dispersive X-ray spectrometer

Table 1. The chemical composition of the as-cast alloy (at. %).

Nominal Measured composition
Alloys .
composition Y 7n 7r Mg
A Mg, sY 20,5 0.86 0.42 - Bal.

B Mg, Y Zn, Zr,  0.87 0.44 0.08 Bal.
C Mg, .Y Zn  Zr,, 0.85 0.43 0.16 Bal.
D Mg, .Y Zn, Zr . 0.89 0.42 0.25 Bal.
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(EDS). Characterization of LPSO structure was performed
in a JEOL JEM 2100F FEGTEM transmission electron
microscopy operating at 200 K'V.

2.3 Atomic model and calculation details

The model was built on the super-cell of Mg (a x b x
c¢=5 x5 x 3, a, b, and c represent directions of Mg crystal
lattice respectively). The total number of atoms in super-cell
was 150. One Mg atom was replaced by Zr atom. In this study,
the fractional coordinates of Zr atom was (0.67, 0.33, 0.50).
The crystal structure of the calculation model was showed
in Figure 1. Our calculations were performed using the
Cambridge Serial Total Energy Package Code (CASTEP)
based on DFT. The Generalized Gradient Approximation
(GGA) was employed to evaluate exchange-correlation
energy. Ultra-soft pseudo-potentials were used for electron-ion
interactions and the electron wave function was expanded
using plane waves. Mg 2p®3s? and Zr 4s*4p®4d*5s® were
treated as valence electrons. The cut-off energy was 380 eV
and the K-point was 12 x 12 x 6 to ensure the convergence
of the system energy and configuration at the plane wave
group level.

2.4 Stacking fault energy calculation method

According to the thermodynamic calculation model of the
basal plane stacking fault energy in the hexagonal pure metal,
when the stacking fault occurs in close-packed hexagonal
metal, the close-packed hexagonal (hcp) of ABABAB:
arrangement in the stacking fault regions are changed to
face-centered cubic (fcc) of ==+ ABABABCBABA"
arrangement in (0001) plane. We characterized the stacking
fault energy of magnesium by calculating the energy required
for the hep—fcce structural transformation. In the calculation
process, the variables are Zr content and temperature. When
the Zr content is selected as the variable to calculate the
stacking fault energy, the temperature was fixed to 800K
(the most common solid solution temperature®, the elements
in the Mg matrix more inclined to segregation at stacking

Figure 1. The crystal structure of the calculation model.
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fault position, and this facilitates precipitation of the
second phase). In addition, the total amount of Mg and Zr
elements in the calculation process are regarded as 100%,
and the linear relationship is performed by taking the
value of Zr content (the value taken distance was divided
into 0.0005 at. %). Similarly, when the temperature is selected
as the variable, the calculation was performed by Mg-0.2Zr
(at. %), and the temperature setting range was from 300K

to 900K in the heat treatment temperature range (the value
taken distance was divided into 50K).

3. Results

The microstructure of A, B, C and D alloys were showed
in Figure 2a-d (a,-d,) and Figure 3a-d. It mainly consisted of
well-development primary 0-Mg and LPSO phases consisted

Figure 2. OM images of Mg-Zn-Y magnesium alloys with different content of Zr: (a) A alloy; (b) B alloy. (c) C alloy; (d) D alloy; (a,),
(b)), (c,) and (d,) were zoom in of images (a), (b), (c), and (d), respectively.

Figure 3. Typical SEM images of Mg-Zn-Y magnesium alloys with different content of Zr: (a) A alloy; (b) B alloy; (c) C alloy; (d) D alloy.
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by the bulk phases and the lamellar structure phases. The bulk
phases in the grain boundary were 18R LPSO phases and the
lamellar structures within grains were 14H LPSO phases,
as shown in Figure 2a-d (a-d,). The crystal structure of the
lamellar structure LPSO phases and the microstructure in the
A alloy was examined by TEM, as shown in Figure 4a, b and
Figure 5. The type of the bulk phases and the lamellar phases
was also identified in detail in our previous study®**. As seen
in Figure 2, the changes of distribution characteristics of LPSO
phases in A, B, C and D alloys were clearly observed in this
study. Figure 2 (a, a,) presented that the 14H LPSO phases
were parallel along their longitudinal axis within grains,
and showed obvious orientation. The 14H LPSO phases in
the B alloy were finer than the A alloy and the continuous
lamellar structure changed to discontinuous, as showed in
Figure 2 (b, b ). Additionally, the grain boundary was broad and
some bulk phases appeared in the grain boundary, as showed
in the Figure 2a. However, in the B, C, and D alloys, the grain
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boundary became finer and cleaner than the A alloy, as showed
in Figure 2b-d. These findings demonstrated that Zr have a
purity effect on grain boundary and affect the morphology
and distribution of 14H and 18R as well. With increasing the
content of Zr from 0.1 to 0.2 at. %, the amount and the size of
the 14H LPSO phases were continuously decreasing, as showed
in Figure 3a-c. Particularly, when the Zr element was adding
to 0.3 at. %, most of the 14H LPSO phases disappeared, there
were almost no 14H LPSO phases in Mg matrix. Similarly,
the 18R phase has same trend in morphology and amount
compared with 14H, and it showed that the bulk 18R phases
are finer and more dispersed with the Zr content increasing,
as shown in Figure 3a-d. This further proved that Zr had an
influence on the distribution characteristic of the 14H phases
and 18R phases. Furthermore, due to the difference between
A, B, C, and D alloys, this suggested that the addition of Zr
would break the balance of 14H and 18R which are presented
in Figure 3b-d.

Figure 4. (a) The bright-field TEM image of the Mg, Zn .Y alloy; (b) The [1030] Selected Area Electron Diffraction (SAED) of the

lamellar structure phase (indicated by red circle in (a)).

Figure 5. HRTEM images of the microstructures of the Mg, .Zn Y, matrix and lamellar structure.
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4. Discussion

From the results obtained in the present study, two important
conclusions can be concluded. Firstly, adding Zr elements
beneficially refine the 14H LPSO and 18R LPSO phases.
With the content of Zr increasing from 0.1 at. % to 0.3 at.
%, the amount and the size of the 14H LPSO phases within
grains continuously decreased. The discontinuous lamella
was similar to the 14H LPSO phase in the Mg-2.0Gd-1.2Y-
Zn-0.2Zr (at. %) alloy reported by Honma et al.**. When Zr
content increasing to 0.3 at. %, a few bulk phases would occur
in the grain, as showed in Figure 3b-d. Secondly, Zr had a
significant purity and refine effect on the grain boundary.
The grain boundary became finer and cleaner than those
without Zr adding. Based on above discussions, a four-step
microstructure evolution mechanism can be established, and
the schematic illustration was proposed in Figure 6, and the
main reason can be summarized as follows:

When Zr adding to the Mg, .Zn .Y, alloy, the change of
SFE play an important role in decreasing the amount of 14H

and 18R LPSO phase. According to previous reports, the
formation processes of the LPSO phases were close connected
with the SFE of the matrix**>%", In order to understand the
effect of the Zr content on the distribution characteristic of
the LPSO phases, the SFE of the magnesium matrix with
different Zr content are calculated as following equation®-*:

YXAGHP ZZAW‘-H’]X,»XJ )
N/ V/ [ !

where N is Avogadro constant and V is molar volume
of alloys. AG#™7 is free energy change of the structure
transition of ‘7” element. X; and X is the molar fraction of
‘i’ and ‘j’ element, respectively. AI/VU‘."—’ﬁ is the interaction
factors between ‘i” and %/’ element (i # ;) in the process of
structural transformation.

This equation was deduced and proved in our previous
works*%¥_ Table 2 showed the numerical values and functions
used for the thermodynamic calculations. The calculation
results were illustrated in Figure 7. According to the results,
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Figure 6. Schematic illustration for microstructure evolution of (a) A alloy; (b) B alloy; (c) C alloy; (d) D alloy.

Table 2. Numerical values and functions used for the thermodynamic calculations.

AGI P =a;+bT

kya—sp _ k
Lij =a;+ bl-jT

AWFOP = 4+ BT

parameter p
4 by @ by Ay By
AGH? 2500.000 0900 L5 -10872.000 18.093 WS -10.839 0.018
AGE™P 7302.056 -0.703

Note: o—f represents the energy difference between the two structures of hep and fec
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the tendency of SFE increase with the atomic percent of
Zr increasing, as shown in Figure 7a. This suggested that
adding Zr element could increase SFE. Conversely, with
the temperature increasing, the value of SFE reduced, as
shown in Figure 7b, and the lower SFE could benefit to
generate LPSO phases. This was the main reason why the
LPSO phase was much easier to grow during directional
solidification process.

However, the SFE not increased sharply with the atomic
percent of Zr increasing. This result did not match the obviously
change of the 14H and 18R LPSO phases morphology and
could not explain why the continuous lamellar structure 14H
LPSO phase changed into discontinuous. There should be
another reason for influence the forming process of the 14H
and 18R LPSO phases. In order to investigating the reason
of the 14H and 18R LPSO phases distribution characteristics
with Zr element adding, the electron density between Mg
and Zr atoms was calculated by first principle. The electron
density of (001) lattice plane was showed in Figure 8. It can
be found that the electron density around Zr atom was higher
than Mg atoms and exhibited locality property. The higher
electron density would increase the attractive force between
Zr atoms and Mg atoms. Because the stacking fault energy
in magnesium matrix changed the atomic arrangement from
ABAB to ABCABC?, so the attractive force between Zr
atoms and Mg atoms increasing would increase the local
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energy consumed by misplacing atomic layers and obstruct
the diffusion of elements. This would improve the energy
barrier for generating 14H and 18R, and break the growth
channel of the 14H LPSO phases. Finally, causing the
continuous lamellar structure to discontinuous. These results
further explained the change of distribution characteristics
of LPSO phase with adding trace content of Zr, even though
SFE not increased obviously.

Besides that, because both of the Zr atoms and Mg
atoms are hexagonal close packed lattice, the magnesium
matrix could accept Zr element without severely energy
increasing and crystal lattice distortion in the process of Zr
adding. Therefore, there is not obviously energy difference
between the Zr atoms located in grains and grain boundaries,
unlike the common eutectic elements Al, Ca, and Si, the
segregation of Zr atoms in the grain boundaries are not easy
to occur, and this keeps the entire system of the Mg-Zn-Y-Zr
matrix in the lowest energy state. Meanwhile, Zr element
could increase the attractive force between Zr atoms and
Mg atoms, this force stimulates the bond between grains
more tightly. These factors could contribute to the grain
boundaries finer and cleaner. In addition, because the finer
and cleaner grain boundaries represent more stable energy
and less energy fluctuations, the energy of nucleation and
growth of the 14H and 18R phases increases. This would
reduce the bulk and lamellar structure in the grain.
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Figure 7. (a) Stacking fault energy (SFE) of Mg matrix with different content of Zr; (b) SFE of Mg-0.2Zr (at. %) at different temperature.

Figure 8. Electron density of (0 0 1) lattice plane.
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5. Conclusions

1. The amount and the morphology of the 14H LPSO
phases within grains continuously decreased, and
the continuous lamellar structure within grains
transform to discontinuous with the Zr content
increasing to 0.1 at. % and 0.2 at. %. In addition,
the bulk 18R phases are finer and more dispersed
when Zr content adding to 0.3 at. %.

2. InB, Cand D alloys, the grain boundaries are finer
and cleaner than the A alloy. This can be attributed to
the fact that the addition of the Zr element reduced
the energy of the matrix and grain boundaries of
the Mg-Zn-Y alloy.

3. According to the calculation results, Zr element
would increase the SFE of magnesium alloy, then
increase the energy of nucleation and growth of
bulk phases and the lamellar phase, and cause the
amount of 14H and 18R LPSO phases decreasing.
Furthermore, because the Zr atom would increase the
attractive force between Zr-Mg atoms, this would
break the growth channel of the lamellar structure
and change the continuous lamellar structure to
discontinuous.
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