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Abstract: As the lightest structural materials, Mg alloys show great effectiveness at energy saving and
emission reduction when applied in the automotive and aerospace fields. In particular, Zr-bearing
Mg alloys (non-Al containing) exhibit high strengths and elevated-temperature usage values. Zr is
the most powerful grain refiner, and it provides fine grain sizes, uniformities in microstructural and
mechanical properties and processing formability for Mg alloys. Due to the importance of Zr alloying,
this review paper systematically summarizes the latest research progress in the grain refinement
effects of Zr on Mg alloys. The main points are reviewed, including the alloying process of Zr, the
grain refinement mechanism of Zr, factors affecting the grain refinement effects of Zr, and methods
improving grain refinement efficiency of Zr. This paper provides a comprehensive understating of
grain refinement effects of Zr on Mg alloys for the researchers and engineers.
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1. Introduction

Due to low densities and high specific strengths, Mg alloys show great potential
in aerospace and automobile areas because the application of Mg alloys to structural
components can effectively reduce weight, fuel consumption and CO, emissions [1,2].
However, the mechanical properties of Mg alloys are relatively low, and require further
improvement by means of various strengthening methods. During the casting process of
Mg alloys, grain refinement is one of the most important steps for improving castability,
microstructure uniformity, mechanical properties, and post-formability [3,4]. In particular,
the low ductility of Mg alloys due to the hexagonal close-packed (HCP) crystal structure
can be effectively improved by grain refinement.

On the basis of differences in the grain refinement method employed, Mg alloys
can be roughly divided into two groups, i.e., Al-bearing and Al-free Mg alloys. For the
Al-bearing Mg alloys, there are still no ideal grain refiners [4]. Conversely, for Al-free
Mg alloys, Zr has become the most effective grain refiner since it was found in the 1940s
by Sauerwald [5]. Driven by the needs of aircraft components, Zr-containing Mg alloys
with higher strengths and elevated temperature resistances have been developed [6,7]
that take advantage of grain refinement, the precipitation strengthening effect, and other
strengthening factors [8]. For example, WE43 alloy (Mg-4% Y-3% RE-0.5% Zr, RE = rare
earth) shows high strength and long-term thermal stability at temperatures as high as
250 °C [6], and Mg-8Gd-4Y-0.8Zr alloy exhibits a better creep resistance than WE54 at an
applied stress of 100 MPa and temperatures from 250 °C to 300 °C [7], which can be applied
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in military and aerospace areas [9]. Thus, it is believed that without the grain refiner Zr, the
development of high-strength Mg alloys remains a challenge.

To date, there have been some high-impact review papers on the grain refinement
of light alloys [1,3,4,10,11], on the basis of which some basic aspects of the effect of grain
refinement with Zr on Mg alloys can be found. However, most of the information from
the references is so fragmented that readers must browse through more papers to acquire
sufficient knowledge. In other words, there is still a lack of a systematic review on the effect
of grain refinement with Zr on Mg alloys. Considering the importance of Zr refinement,
this paper comprehensively summarizes the recent advances in effect of grain refinement
with Zr on Mg alloys. The principal text includes the alloying process of Zr, the mechanism
of grain refinement with Zr, factors influencing the grain refinement behaviors of Zr,
methods to improve grain refinement efficiency of Zr, and prospective research on Zr grain
refinement. This review will provide researchers and engineers with a full understanding
of Zr grain refinement in Mg alloys.

2. Alloying Process of Zr
2.1. The Methods of Zr addition

The direct addition of pure Zr metal into Mg melt is very difficult, because Zr has
a much higher melting point (~1852 °C) than Mg (~650 °C) and a stable oxide film that
normally presents on Zr particle surfaces [9,12]. Before the popular use of the Mg-Zr master
alloy, many approaches were tried, such as alloying with pure Zr powder, ZrO,, or Zr-rich
salt mixtures [6,13-15]. Table 1 shows some examples of early patents claiming methods
for alloying Zr in Mg alloy melt [16-19]. For example, Sauerwald et al. tried using the
Zr powder as a source [16]. However, Zr powder is prone to ignite, and the oxide film
inhibits the diffusion of Zr in the Mg melt. In addition, the direct addition of Zr-containing
chloride or fluoride salt mixtures into Mg alloy melt has also been tried, which showed
that the residuals MgCl, or MgF, are difficult to remove from the melt [6]. In a word, early
methods were not satisfactory due to their complicated processes and the contamination of
the melt. Recent research has attempted the traditional Zr-rich salts method again, through
the addition of K,ZrFs-NaCI-KCl [20,21], KZrF5-LiCl-KCIl-CaF, [22] or ZrCly [23] salts
to Mg-RE alloys, further confirming that good grain refinement effects can be achieved.
Nevertheless, the salt inclusions are really difficult to remove.

Table 1. Early patents of Zr alloying methods in Mg alloy.

Ref. Composition or Route Aim

Pure Zr powders + Mg melt at 700 °C — solidified — annealed at about .
[1el 600 °C for 4~5 days — Mg-Zr master alloy Preparing Mg-Zr master alloy
[17] ZrCly (15~60%) + KCl1 (>10%) + BaCl, (>30%) . - . .
[18]  ZrCly (5-25%) + ZrO, (<25%) + KE + BaCly. ZtO, as inspissation agent 1 1cParing 2 “SI‘ sﬂfhm”‘mre used in
[19] ZrCly (33~45%) + KCl (33~45%) + MnCl, (12~33%) + BaCl, (<20%) &

In addition to the direct use of Zr-rich salt mixtures, earlier researchers have also tried
to prepare a Mg-Zr master alloy. For example, Robert [24] tried three different routes to
produce Mg-Zr master alloys: (1) Distillation of Mg out of low-Zr Mg-Zr alloy to obtain a
high-Zr Mg-Zr alloy. Mg could either be sublimated at pressures of mercury below about
3 mm, or boiled at higher pressures. However, the alloys showed serious compositional
segregation. (2) Fusing compacts of ZrH; powder and Mg shavings. The reason ZrH, was
used is that ZrHj is not pyrophoric, unlike pure Zr powder. A compact of ZrH, powder
and Mg shavings was formed using a hydraulic press. Then, the compact was heated to a
temperature above 900 °C for a couple of hours in an electric vacuum furnace in order to
remove the Hy and form Mg-Zr alloy. However, several trials only demonstrated limited
success. (3) Melting compacts of Zr and Mg shavings in a sealed steel “bomb”. The steel
bomb was heated in an electric muffle furnace at a temperature below 500 °C for a couple of
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hours. After being taken out of the furnace, it was shaken vigorously and then quenched in
water. The results showed that the Mg-Zr alloy was of sufficient quality. However, due to
their complex processes and low production capacity, these methods have been abandoned.

In terms of the development of a production method for Mg-Zr master alloys, the
chemical reduction of Zr-rich fluoride or chloride salt with molten Mg has become a suitable
route [14]. During the production process of the Mg-Zr master alloy, the Zr particles were
formed in-situ within the Mg matrix, and thus the particle surfaces were not contaminated
with O, or other impurities. This kind of Zr particle is clean, active, and quickly diluted in
Mg melt, helping to easily achieve the saturation of Zr content [6]. Therefore, since about
1960, only Mg-Zr master alloy has been widely used as a satisfactory Zr refiner in Mg alloys.
A famous commercial Mg-Zr product named Zirmax, developed by Magnesium Elektron
in the UK, has become one of the popular products [6]. This product contains nominally
more than 30% Zr in a relatively homogeneous distribution of Zr particles.

2.2. The Features of the Mg-Zr master Alloy

Generally, Mg-Zr master alloy contains a large number of Zr particles, the sizes
of which range from the sub-micron level to hundreds of microns. The backscattered
electron (BSE) scanning electron microscopy (SEM) images in Figure 1 show the typical
microstructural features of different Mg-Zr products available on the market [25-27]. It can
be seen that the Zr sizes exhibit a log-normal distribution. However, the number density of
each size range has great differences, depending on the preparation parameters.

laster alloy C

34 S E T 7-8 89 9-10 10<d
Zr particle diameter (ulP), pm

Figure 1. SEM backscattered electron (BSE) images of different Mg-Zr master alloys [25]:
(a) Mg-30 wt.% Zr; (b) Zirmax® Mg-33% Zz, (c) AM-CAST® Mg-25 wt.% Zr; and (d) Zr particle
size distributions [26]. Reprinted with permission from ref. [26]. Copyright 2013 Wiley.

To ensure the high absorptivity of Zr in Mg melt, some aspects should be considered,
such as excessive addition of Zr, high alloying temperature, and adequate stirring. In
particular, high temperature and adequate stirring accelerate the dissolution of Zr [28].
With the aid of stirring, the dissolution of Zr can be completed within a few minutes in
the temperature range 730~780 °C [29]. However, if the temperature is above 780 °C, the
difficulties in melt protection obviously increase, since Mg melt is prone to oxidation and
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burning, although protective gas (e.g., CO, + SF¢) can be used. Normally, in industrial
practice, temperatures below 780 °C are regarded as suitable for Zr alloying.

2.3. Settling Behavior of Zr Particles during Alloying

The settling of Zr particles, forming sediment, is the most serious problem during Zr
alloying process. This is due to their having a higher density (~6.52 g/cm?) than liquid Mg
(~1.7 g/cm?), leading to the spontaneous settling of Zr particles. The bigger the Zr particle
size is within the Mg-Zr master alloy, the faster the rate of settling will be. The settling of Zr
reduces the absorption of Zr, causes waste of Zr, and forms a non-uniform microstructure
from the top to the bottom of the ingot [3,30]. To compensate for the loss of Zr, the addition
of Zr is always as high as 1~3 wt.% in practical operations, which is 2~4 times the nominal
Zr composition of Mg alloys [29,31]. Therefore, the expensive Zr waste increases the cost of
the Mg alloy.

Figure 2a,b show the experiment and simulation results, respectively, of Zr settling
reported by Qian [30]. The settling behavior of Zr particles follows the Stokes law:

8(pzr = pug)dp

S~
1877Mg

M

where § is settling distance, g is gravitational acceleration, pz, is the density of Zr, ppy, is the
density of Mg melt, 17y is the viscosity of Mg melt, dp is the diameter of Zr particle, and ¢
is the holding time. It can be seen that larger Zr particles settle more quickly than smaller
ones; S increases with prolonging time; a higher melt temperature favors quicker settling
due to the lower viscosity of Mg melt. These results can guide the industrial operations of
the Zr alloying process in order to avoid severe loss of Zr. Generally, the melt should be cast
after settling for 15~30 min, in order to prevent continuous settling and the fading of the
grain refinement. Moreover, after setting for more than 60 min, the melt can be re-stirred to
recover the settled Zr particles [29,32], which makes the casting process more complicated.
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Figure 2. (a) Experimental results for settling; (b) predicted settling results of 3 um Zr particles in
pure Mg melt as a function of time and temperature [30]. Reprinted with permission from ref. [30].
Copyright 2001 Elsevier.

Recently, to avoid the settling problem and reduce costs, the in-situ AI,RE nucleat-
ing particles were trialed to replace Zr [33-35]. The grain refinement effect of ALRE is
comparable to that of Zr. However, the aging precipitation ability is reduced due to the
consumption of RE element following the addition of Al, and the formation of needle-like
AlyRE, phases is detrimental to the mechanical properties.
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3. Grain Refinement Mechanisms of Zr

It is generally accepted that the grain refinement mechanism of Zr is dictated by both
soluble and insoluble Zr. With the help of quantitative analysis of Zrg and Zrr, the grain
refinement behaviors of Zr can be well estimated [36]. On the one hand, when the Zr content
reaches the peritectic point, the peritectic reaction is believed to be the core mechanism of
grain refinement [3,4,31,37,38]. On the other hand, a grain refinement effect can also be
observed when the Zr content is far below the peritectic point, which is thought to be due
to the constitutional supercooling (CS) effect generated by soluble Zr [3,4,31,37,38]. This
section will briefly discuss these two aspects.

3.1. Nucleation Effect
3.1.1. Peritectic Reaction

According to Mg-Zr binary phase diagram, Zr and Mg do not form compounds, and
there is a peritectic reaction at 653.5 °C. The peritectic reaction leads to Mg nucleation at the
primary Zr-rich sites, which plays a very important role in the grain refinement process of
Mg by Zr [10,13,39]. The peritectic point of Zr composition was previously found to be 0.6%
Zr. However, re-assessment shows that it is substantially lower, at about 0.45% [4]. Thus, it
is possible to use a smaller amount of Zr, thus reducing the cost of grain refinement [40].

Table 2 presents a comparison between the crystal structures of Mg and Zr, indicating
that both a-Zr and x-Mg have HCP crystal structures, and their lattice parameters are
quite similar. Thus, Zr has outstanding potency for acting as a nucleation substrate for Mg
phase [41]. The perfect nucleation ability of Zr can be further verified by low undercooling
(AT, =~ 0.15 °C [42]) equal to that for Al grains nucleating on TiB; substrates (~0.2 °C [43]).

Table 2. The crystal structure and lattice parameters of Mg and Zr [41].

Phase Crystal Structure Lattice Parameters
x-Mg HCP o =0.320 nm, ¢ = 0.520 nm
o-Zr HCP oo =0.323 nm, ¢ =0.514 nm

Figure 3 shows an example demonstrating that 0.5% Zr content can strongly re-
fine the grains of Mg alloy, where the grain size of WE54 Mg alloy (Mg-5Y-4HRE-0.5Zr,
HRE = heavy rare earth elements) was refined from 295 pm to 83 pm [44] under the con-
ditions of pouring at about 780 °C into a steel mold preheated to 300 °C. This content of
Zr is basically in accordance with the peritectic point in the Mg-Zr phase diagram. The
simulation work performed by Zhao et al. [45] further showed that the growth velocity of
dendrite tip of Mg-4Y alloy can be reduced to be one-sixth (1/6) using 0.5Zr, forming a fine
grain size. However, this perspective still requires further evidence.

Figure 3. An example showing the powerful effect of grain refinement with Zr on Mg alloy. Electron
backscattered diffraction technology (EBSD) image of: (a) Zr-free WE54 alloy; (b) Zr-containing WE54
alloy. Poured at 780 °C into a steel mold (300 °C). Reprinted with permission from ref. [44]. Copyright
2013 Elsevier.
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In early work, it was thought that only the dissolved Zr was effective for grain
refinement, because saturated dissolved Zr content meets the standards of a peritectic
composition. However, later work verified that Mg grains can nucleate not only onto Zr
particles precipitating from the melt during cooling, but also onto undissolved Zr particles
through heterogeneous nucleation [4,31,38,46]. The products of peritectic solidification in
the microstructure of Zr-containing Mg alloy are Zr-rich halos or cores, present in most
Mg grains, as shown in Figure 4 [26,37]. The Zr-rich halo shows either dendritic or nearly
spherical growth, depending on the soluble Zr content. A higher level of soluble Zr (close
to the solubility) usually leads to spherical halo, while a lower level of soluble Zr leads to a
dendritic halo [38].

\
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Figure 4. SEM BSE image of Zr-rich cores in: (a) Mg-0.56Zr alloy [37]; Reprinted with permission
from ref. [37]. Copyright 2002 Elsevier. (b) Mg-5Gd-1.5Y-0.55Zr alloy [26]; Reprinted with permission
from ref. [44]. Copyright 2013 Wiley.

3.1.2. HRTEM Observations of Zr Nucleus

To facilitate the understanding of the grain refinement mechanism, the orientation
relationships (ORs) between Mg grains and Zr nuclei were observed via high-resolution
transmission electron microscopy (HRTEM). Table 3 summarizes some of the reported
coherent or semi-coherent ORs in grain-refined Mg alloys [23,47-51]. All the ORs have low
misfits, which are responsible for the good nucleating potency of Zr. For example, the misfit
of OR [1213] Mg | [1213],, + (1212) MglAO (1212),,, OR [2110] Mg | [2110] ,, + (0001)azq ||

(0001)z, and OR [0111] . || [01T1] 5, + (1011) ;. || (T011),,, is only 0.13% [47], 0.9% [49]

and 0.41% [50], respectively. Figure 5 shows a typical example of OR [2110] ,, o 2110] ,, +
(0111) Mg | (0111) ,, observed in the sand-cast Mg-8Gd-3Y-0.82Zr alloy [23].
Table 3. Reported ORs between Mg and Zr in grain-refined Mg alloys .
Alloys Processing Ref.
[2110] ;, I [2110 11) |l (0111) ,, Mg-7.43Gd-2.74Y-0.82Zr Sand-cast [23]
[ 273] Mg | EZ}S 22) gl% (11?2) 7r Mg-0.5Zr Gravity cast [47]
ﬁZiS] g | [1213 1 )Mg | (1010),, Mg-1.0Zr Gravity cast [47]
[2110] g | [2110] 0001) p || (0001)z, Mg-0.5Zr Gravity cast [48]
B B B B Mg-1.0Zr IMS + Gravity cast [49]
[01T1] |1 [0171] 5, + (T011) 1 | (T011),,, Mg-1.0Zr HPDC [50]
[2423] I [2423] 5, + (1010) . [| (1010) 5, Mg-0.1Zr HPDC [51]
Mg-0.52Zr Gravity cast [27]

1 In Table 3, A—tilted directions; | —parallel directions; IMS—intensive melt shearing; HPDC—high-pressure
die casting.
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Figure 5. TEM showing OR between Mg matrix and Zr nucleus in Mg-8Gd-3Y-0.82Zr alloy:
(a) bright-field image; (b) dark-field image; (c) enlarged view of the selected area in (a); (e) HRTEM
image of the interface between Mg matrix and Zr nucleus (beam || [2ﬁ0] 7. (d,f) fast Fourier
transform (FFT) spectrum of «-Zr and «-Mg, respectively; (g) EDS analysis of Zr nucleus. Reprinted
with permission from ref. [23]. Copyright 2021 Elsevier.

With the analysis of HRTEM and the selected area diffraction pattern (SADP), Saha con-
cluded that Mg grains only nucleate on the “faceted” crystal planes of Zr particles [47,48],
e.g., the basal planes {0001} or the prismatic planes {1010}. However, contradicting
Saha, Peng et al. [49] found that the interface between the Zr nucleus and the Mg matrix
was “curved” rather than “faceted”. The curved interface, in combination with coherent
ORs, provides perfect lattice matching along various directions and across various planes,
benefitting the nucleation of Mg grains on the Zr particle surface.

Although various ORs have been reported, as shown in Table 3, Yang et al. [51]
suggested that very strict ORs are not required for Zr nuclei, because Zr particles may
be wetted by Mg melt on all exposed crystal planes. This viewpoint was validated by
HRTEM observations in Ref. [49], as shown in Figure 6 [51]. Perfect coherent ORs can
be observed, among which even the slightly higher index OR [2423] o | [2423], +

(1010) Mg | (1010) ,, is present, which is similar to that described in Ref. [27]. Thus, «-Mg
grains can grow epitaxially on any suitable planes of Zr nuclei. Recently, in-situ neutron
diffraction observations have provided further evidence of the grain refinement mechanism
of Zr, showing that with the addition of Zr, all of the diffraction intensities of the (1010),
(0002) and (1011) planes of Mg-5Zn-0.7Zr alloy increase at similar rates during the early
stages of solidification, leading to the formation of a uniform grain structure [52].
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B/[2423 ]z

Figure 6. HRTEM images showing: (a) faceted interface; (b—d) curved interfaces between x-Mg
grains and Zr nuclei in Mg-0.1Zr alloy along four different low-index zone axes. (e) Stereographic
projection of HCP structure showing the various ORs (a—d) within a 90° range [51]. Reprinted with
permission from ref. [51]. Copyright 2015 Elsevier.

3.2. Constitutional Supercooling (CS) Effect

Zr can affect both the nucleation and the growth of the dendritic phase in Mg alloy
depending on its status in the melt [53]. When the addition of Zr content is higher, grain
refinement can be achieved due to the large number of Zr nucleating particles. When the
addition of Zr is low, an obvious grain refinement effect can still be observed. This is mainly
due to the strong CS effect of solute [4,10,26,43,54-56], since Zr is also a solute element in
the Mg-Zr system. The growth restriction factor (GRF, Q) is defined as follows to reflect the
CS effect [4,43,54]:

Q=m(k-1) @)

where m is the liquidus gradient and k is the partition coefficient. The larger the Q value is
(unit K or °C), the stronger the grain refinement effect will be. On the basis of phase diagram
analysis, the Q value of Zr was calculated to be 38.29, which is much higher than that of
most of the alloying elements, such as Al (4.32), Y (1.70), Zn (5.31), etc. [4,11], indicating
that soluble Zr produces a strong grain refinement effect [1,4]. Peng et al. [57] proved
that the grain refinement of Mg-9Gd-3Y-0.25Zr alloy (low Zr) was mainly contributed
by the GRF effect, while the grain refinement of Mg-9Gd-3Y-0.51Zr alloy (high Zr) was
mainly contributed by the heterogeneous nucleation of Zr particles. The CS effect of Zr was
recently verified by Zhang et al. [57]. As shown in Figure 7, remarkable grain refinement
(from 74 pm to 3.5 pm) occurred in the melt pool of the laser-surface-remelted (LSR) Mg-
3Nd-1Gd-0.5Zr alloy, which was mostly due to the high CS effect of soluble Zr caused
by LSR.
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Figure 7. SEM BSE images of the laser-remelted Mg-3Nd-1Gd-0.5Zr alloy showing the microstructure
of: (a) the substrate; (b) the melt pool, the cross-section EBSD analysis of which is included as an inset
in the upper-right corner [58]. Reprinted with permission from ref. [58]. Copyright 2020 Elsevier.

In summary, the nucleation effect combined with the CS effect leads to a high nucle-
ation rate and low undercooling, resulting in the powerful effect of grain refinement with Zr.
Such effects are not only of benefit to achieving equiaxed grains during the casting process,
they also facilitate the formation of slurries with fine and spherical primary particles during
the semi-solid forming process [59,60].

4. Factors Influencing the Grain Refinement Behaviors of Zr

This section briefly summarizes the effects that influence the Zr alloying efficiency
during the melting process.

4.1. Effect of Zr Size Distribution in Mg-Zr Master Alloy

In the microstructure of Mg alloy refined by Zr, Qian et al. [30,61] observed that
the majority of Zr nuclei had sizes in the range of 1~5 pm. Sun et al. [25-27] further
systematically compared the size distribution of different Mg-Zr master alloys (Figure 1)
and the subsequent grain refinement efficiency on Mg-Gd-Y alloys (Figure 8). It was found
that Mg-Zr master aloys with more Zr particles within the size range 1~5 pum (i.e., master
alloy C) exhibited better grain refinement efficiency. This is because both the saturation of
soluble Zr content and a greater number of Zr nucleation sites could be achieved when the
Mg-Zr master alloy had a finer Zr particle distribution.

4.2. Effect of Cooling Condition

Generally, increasing the cooling rate (T) results in a decrease in grain size. For
example, Liu et al. [62] showed that the grain size of Mg-Zr binary alloys (0.3, 0.7 or 1.2Zr)
decreased with increasing cooling rate from sand mold to Cu mold. Sun et al. [63] found

that the relationship between the grain size of Mg-Y-Zr alloy (1~9Y, 0.1~0.5Zr) and 1/ \/&
could be linearly fitted at a cooling rate <80 °C/s (Figure 9 shows Mg-1Y-Zr alloy as an
example of this phenomenon). Yang et al. [51] showed that, compared with traditional
gravity casting, HPDC improved the percentage of activated Zr nuclei from 1~2% to 48.78%
in the Mg-0.1Zr alloy, and resulting in finer grains.
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Figure 8. (a) The relationship between grain size (dgs) and total Zr content (Zrr) for Mg-5Gd-1.5Y
alloy refined using different Mg-Zr master alloys. (b) The distribution of Zr nuclei in Mg-5Gd-1.5Y
alloy with Zrt contents of 0.46, 0.55 and 0.59, inoculated by master alloys A, B and C, respectively [26].
The microstructure and Zr particle size distributions of the Mg-Zr master alloys are shown in Figure 1.
Reprinted with permission from ref. [26]. Copyright 2013 Wiley.
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Figure 9. Effect of cooling rate (T) on the grain size (dgs) of Mg-1Y-Zr alloy [63]. Reprinted with
permission from ref. [63]. Copyright 2020 Springer.

Nevertheless, grain coarsening has also been observed under some cases of high
cooling rate and steep thermal gradient [58,63]. According to Figure 9, by Sun et al. [63],
grain coarsening of the Mg-Y-Zr alloy (1~9Y, 0~0.5Zr) occurred at a cooling rate 160 °C/s
(with rapid water-quenching). This was due to the reduction in size of the CS zone,
decreasing the likelihood of further nucleation. Yang et al. [50] showed that the grain
coarsening effect occurred in HPDC Mg-1Zr alloy, in contrast to HPDC pure Mg. The grain
size increased abnormally from 6.7 to 18.9 um following the addition of 1% Zr. This change
was attributed to the competition between the native MgO and the Zr particles. Without
the addition of Zr, the high number density of the in-situ MgO particles permitted them to
act as nucleation sites, due to a the low misfit with Mg (5.46%), leading to a finer grain size.
However, with the addition of Zr, the Zr particles acted as nucleation sites first, thereby
suppressing the activation of the in-situ MgO particles. More importantly, the number
density of the Zr particles was lower than that of the in-situ MgO particles. Therefore, the
grain size of Mg-1Zr was coarser than that of pure Mg.
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4.3. Effect of Alloying Elements

Contrary effects can be found depending on the elements employed. On the one hand,
the elements Al [64,65], Mn, Si, Fe [29,66], Sn, Ni, Co and Sb [29] inhibit the grain refinement
ability of Zr, which is referred to as the poisoning effect. This is mainly due to the reactions
with Zr forming stable compounds that can no longer act as a nucleant [4,13,29]. Beryllium
(Be) also poisons Zr, but via a different mechanism, which is probably the formation of a
new coating on the Zr particle surface, thus reducing the potency of the Zr [67]. On the
other hand, the elements Ca [68] and Zn [69-71] enhance the grain refinement ability of Zr,
mainly via the mechanism increasing the soluble Zr content. This section summarizes the
effects of these elements.

43.1. Al

Al poisons the effect of grain refinement with Zr, which is the main reason for which
Mg-Al alloy cannot be grain-refined using Zr. Tamura et al. [72] found that even the
trace addition of 0.015% Zr could severely coarsen the grain size of high-purity Mg-9Al
alloy; Kabirian et al. [64] found that the dendrites of AZ91 alloy were greatly coarsened
by the addition of 0.2~1.0% Zr; Balasubramani et al. [65] found the grain size of Mg-1Zr
was sharply coarsened from 114 4 38 pum to 1550 + 38 pm with the addition of 0.2% Al
(Figure 10). Two reasons have been proposed. One is that Zr poisons the surface of the
native Al-carbide nuclei (such as Al;Cs [73]) that are originally present in high-purity
Mg-9Al alloy. Another is that the consumption of solute Al by Zr (or solute Zr by Al)
reduces the extent of the CS effect. The Al-Zr compounds were identified to be Al,Zr [64],
AlsZr; [64] or Al3Zr [65]. Despite the negative effect on grain refinement, Al-Zr compounds
can increase the thermal stabilities of grain during heat treatment, refine grains during hot
deformation [74], and increase creep resistance [75].

3
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Figure 10. SEM BSE images showing: (A) blocky Zr particles and fine Zr particles in Mg-1Zr alloy;
(B) faceted ZryAly particles in Mg-1Zr-Al-Be alloy; (C) Zr clusters surrounded by fine precipitates of
ZryAly particles in Mg-1Zr-Al-Be alloy, EDS testing point 1 is rich in Al and Zr, whereas point 2 is
rich in Zr. The samples were cut from the bottom of an ingot to observe the clusters [65]. Reprinted
with permission from ref. [65]. Copyright 2004 Elsevier.
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4.3.2. Fe

Fe is one of the most common impurities in Mg alloys, and may result from the raw
materials, fluxes, crucible, and stirring tools used. Fe is detrimental to the effect of grain
refinement with Zr. This can be understood from two perspectives.

On the one hand, Fe can react with Zr in the Mg melt, forming the compound Fe,Zr,
as verified by Cao et al. [66]. As a result, the Zr content is rapidly consumed, and the
grain refinement effect is remarkably reduced. This effect has also been observed during
the remelting process of pre-alloyed or commercial ingots of Zr-bearing Mg alloys when
using an Fe crucible. An obvious loss of dissolved Zr takes place due to the diffusion of
Fe through the Mg melt, finally leading to the addition of extra Zr in order to achieve the
required level of grain refinement [76].

On the other hand, trace Fe and Si impurities on tiny Zr particles may alter the
surface chemistry of the Zr particles, upsetting the coherent match between the Zr and Mg
lattices, as reported Davis et al. [77]. Therefore, the nucleating potency of the Zr particles is
decreased, reducing the grain refinement effect.

On the basis of these analyses, it can be seen that when an Fe crucible and Fe stirring
paddle are used during melting of Mg alloys, a protective coating (e.g., BN coating [66])
should be pre-coated to inhibit the dissolution of Fe into the Mg melt. However, it has been
reported that, by taking advantage of the effective removal of Fe by Zr, high-purity Mg
alloys containing less than 1 ppm Fe can be produced [78].

4.3.3. Be

Cao et al. [67] investigated the effect of trace addition of Be on the grain refinement of
Mg-0.5Zr alloy, as shown in Figure 11, where a significant grain coarsening effect can be
observed. However, since Be was added in the form of Al-5Be master alloy, the influence of
the consumption of Zr by Al cannot be neglected. Thus, the alloys were designed in two
groups, i.e., a low-Zr-content group (ZM1~ZM4) and a high-Zr-content group (ZM5). It can
be seen that with increasing addition Be from 10 to 100 ppm, the grain size of ZM1~ZM4
increased gradually, which was mainly because of the continuous consumption of Zr by
Al Nevertheless, with the further addition of 0.5% Zr (ZM5), the grain size continued to
coarsen, rather than recovering. Therefore, a poisoning effect of Be was deduced, whereby
Be, as a surface-active ‘surfactant’, readily coats the surfaces of heterogeneous nucleant
particles such as Zr particles or native particles (Fe-rich, carbon-rich nuclei) destroying the
nucleating potency.
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Figure 11. (a) Grain size as a function of Be addition. (b) Be, Al and Zr contents in alloys. ZM1: base
alloy Mg-0.5% Zr; ZM2: 10 ppm Be addition; ZM3: 50 ppm Be addition; ZM4: 100 ppm Be addition;
ZMB5: 100 ppm Be + 0.5% Zr. [67]. Reprinted with permission from ref. [67]. Copyright 2004 Elsevier.

4.34. Ca

Chang et al. [68] showed that the grain size of squeeze-cast Mg-xCa-0.6Zr (x = 0.2~1.2)
alloy was finer than that of squeeze-cast Mg-0.6Zr alloy. They concluded that Ca was able
to increase the effect of grain refinement with Zr. The reason for this was explained from a
thermodynamics perspective. Before the addition of Ca, the Mg melt reacts preferentially
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with Oy, forming MgO inclusions that envelope the Zr particles. This effect increases
the difficulty of the dissolution of Zr. After the addition of Ca, the formation of MgO is
suppressed due to CaO possessing a lower standard free energy than MgO. Accordingly,
the dissolution of Zr particles becomes more efficient, and the interface wettability between
Zr particles and the Mg matrix improved. Therefore, the combined addition of Zr and Ca
shows a better grain refinement effect.

However, the effect of CS was neglected in [68]. According to StJohn et al. [4], the GRF
value for Ca is 11.94, which is the third highest among all solute elements in Mg alloy (the
first is Fe, at 52.56, and the second, Zr, at 38.29). Thus, the high GRF of Ca may be another
reason for the increase in the grain refinement effect of Mg-Ca-Zr alloy.

4.35. Zn

Zn has been reported to show contradictory influences on the effect of grain refinement
with Zr in Mg-Zn-Zr alloy, depending on the Zn content. According to Hildebrand et al. [69]
and Li et al. [70], there exists a critical Zn content (3~4%) below which the grain size is
gradually refined, but beyond which the grain size coarsened. The reasons for this have
been well explained. When Zn content does not exceed 3~4%, the soluble Zr content
increases with increasing Zn content, resulting in a finer grain size [69]. When Zn content
exceeds 4%, Zn and Zr form the stable compounds ZnZr; or ZnyZr3 [79], decreasing the
soluble Zr content and resulting in a coarser grain size. However, in partial divergence
from Hildebrand et al. [69], Li et al. [70] attributed the grain coarsening effect at higher Zn
contents to the “dendrite coherency theory”. A large constitutional undercooling caused
by higher Zn content leads to instability of the S-L interface. The sharp tip of the dendrite
increases the growth rate of the dendritic grains, thus leading to coarser grains.

In addition, higher Zn contents have been reported to relieve the grain poisoning
effect of Zr on AZ91 alloy. Jafari et al. [71] showed that the grain size of AZ93 alloy was
not coarsened when 0.25~0.9% Zr was added, which was ascribed to the higher content
of Zn (3%). Compared with lower Zn content (1%), higher Zr content can improve the Zr
solubility in Mg alloy, thus improving the grain refinement effect.

5. Methods of Improving the Grain Refinement Efficiency of Zr

As is well known, Mg-Zr master alloy with the largest number density of fine Zr parti-
cles (1~5 pum) exhibits the best refinement ability [26,31,61]. Therefore, the Zr particle size
distribution in the Mg-Zr master alloy needs to be controlled to be as fine and as uniform
as possible. To achieve this aim, a new Mg-Zr master alloy with fine Zr particles [14,80]
has been developed, and pre-treatments [27,81-87] have been conducted to modify the
Mg-Zr master alloys already available. In addition, melt treatment can be conducted to
reduce the settling of Zr during the melting of the Mg alloy, thereby improving the Zr grain
refinement efficiency [41,49,88-94]. This section briefly summarizes these methods.

5.1. Pretreatments of the Mg-Zr Master Alloy

The severe plastic deformation (SPD) method can generate massive force, breaking the
Zr particles into smaller ones, and can been conducted via hot rolling [27,83], equal channel
angular extrusion (ECAE) [47,82,83], friction stirring processing (FSP) [84], or crush [85].

Qian [81] first showed that hot rolling effectively fragmented the Zr particle clusters
in the Mg-33Zr master alloy into smaller clusters. Sun [27] further verified that eight passes
hot rolling effectively crushed the large Zr particles of the Mg-30Zr master alloy into smaller
ones. Saha [82] showed that ECAE was able to effectively break up the Zr particles of
the Mg-15Zr master alloy. Wang et al. [84] showed that FSP can be used to modify the Zr
particle distribution of the Mg-30Zr master alloy. Recently, Wang et al. [85] employed a
new method for preparing “powder Mg-Zr master alloy” that consisted of three steps, i.e.,
mechanically crushing the original Mg-30Zr master alloy block, ball-milling the pieces, and
finally sieving to keep particles smaller than 20 um.
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These methods mainly take advantage of mechanical force to refine the Zr particle
size. All of these studies proved that the Zr particle size distribution can be modified to
become narrow, achieving better distribution. As a result of modification, the settling of Zr
particles during melting can be retarded, and a higher soluble Zr content can be obtained.
Consequently, the grain refinement efficiency of pretreated Mg-Zr master alloys on pure
Mg [81-83], Mg-10Gd-3Y [27], Mg-3Nd-0.2Zn [84] and Mg-14Li-Zn [85] alloys was effec-
tively improved. However, the pretreatment methods have some obvious disadvantages,
such as their complicated processes, low productivity, and the SPD molds and tools (FSP
probes) being easily broken.

In addition to the SPD methods, a non-equilibrium re-precipitation method via tung-
sten inert gas arc remelting with ultra-high frequency pulses (UHFP-TIGR) was recently
trialed by Xin et al. [86,87]. Figure 12 shows the Zr particle distribution in the UHFP-
TIGR-treated Mg-30Zr master alloy. UHFP-TIGR treatment promoted the precipitation of a
considerable number of nano-sized Zr particles (Zrpp) from the supersaturated Mg matrix
due to the effect of high temperature, strong stirring, and rapid equilibrium cooling. As a
result, the UHFP-TIGR-treated Mg-30Zr master alloy exhibited superior grain refinement
efficiency on Mg-9Gd-3Y alloy compared to its untreated counterpart. A similar method
was also reported by Zhang et al. [95], who improved the refining efficiency of Al-5Ti-1B
master alloy on Al alloys by re-precipitating tiny TiB, particles.
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Figure 12. Characterization of UHFP-TIGR-treated Mg-30Zr master alloy: (a) SEM BSE image
under low magnification; (b) TEM dark-field image; (c,d) HRTEM image with diffraction patterns of
nanoscale Zryp, [86]. Reprinted with permission from ref. [86]. Copyright 2022 Elsevier.
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5.2. Melt Treatments

Melt treatments such as ultrasonic treatment (UST) [88-91], intensive melt shearing
(IMS) [41,49,92,93] or low-frequency electro-magnetic stirring (LFEMS) [94] have been tried
after the addition of Zr into the Mg alloy melt. Ramirez et al. [88] showed that UTS enhances
the effect of grain refinement with Zr (0.5, 1.0 or 1.5Zr) on Mg-3Zn alloy (Figure 13). For
instance, the grain size of Mg-3Zn-0.5Zr alloy was about 91.5 pm, which was further refined
to 71.9 um by means of UST. Nagasivamuni et al. [89,90] showed that UST enhances the
grain refinement effect of Mg-Zr alloys (0.2, 0.5 or 1.0Zr). The main reason for this is that
UST increases the soluble Zr, activates more Zr nucleation particles, and decreases the Zr
settling [89,90]. Additionally, another possible reason for this may be that the surfaces of
some contaminated Zr particles were cleaned and wetted by UST, facilitating an increase in
the number of nucleation sites.
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Figure 13. Grain size vs. 1/Q for Mg-3Zn-Zr alloys [88]. “Sonicated” = UST; addition of Zr = 0.5, 10.0
and 1.5, respectively. Reprinted with permission from ref. [88]. Copyright 2008 Elsevier.

Das et al. [92] showed that IMS enhances the effect of grain refinement with Zr on Mg-
6Zn alloy. The mechanism for this is that IMS deagglomerates and disperses the Zr particle
clusters uniformly in the melt, increasing the number density of Zr nucleation particles.
However, Peng et al. [39,49,93] showed that IMS makes the effect of grain refinement with
Zr more complicated, as a result of the competition between Zr and MgO particles formed
in-situ [49]. On the one hand, when Zr content was as low as 0.1%, IMS led to a significant
grain refinement of the Mg-0.1Zr alloy. This was because the MgO particles formed in-situ
were able to be well dispersed by IMS, resulting in an increase in the number density of
MgO nucleating particles. At the same time, the adsorption of the Zr layer on the surface
of the MgO particles was enhanced by IMS, leading to an improvement in the nucleating
potency of the MgO particles [49]. Thus, the grain refinement effect could be achieved at a
relatively lower Zr content (0.1%). On the other hand, when Zr content was just beyond the
peritectic point, grain coarsening occurred. This was because the Zr particles underwent a
coarsening growth process with the effect of IMS, resulting in the formation of larger Zr
particles and a reduction in Zr number density [49]. Thus, grain coarsening was observed.
In addition, when Zr content was as high as 2%, the grain was well refined again, because
more Zr nucleating particles were supplied.

6. Conclusions and Remarks

Zr is the most effective and important grain refiner for Al-free Mg alloys, especially
for many high-strength Mg alloys. This review paper summarizes the recent advances
in the effect of grain refinement with Zr on Mg alloys in detail, including the alloying
process of Zr, the grain refinement mechanism of Zr, the grain refinement behavior of Zr,
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and improvements in the grain refinement efficiency of Zr. This review provides a full
understanding of the effect of grain refinement with Zr on Mg alloys. The main points of
Zr refinement are summarized in Figure 14.

Addition of Mg-Zr
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\

/
A2

Coarse grains of ingot

Key points with Zr refinement

® Influencing factors: size distribution of Zr particle; cooling rate; alloying elements.

® Grain refinement mechanism: peritectic reaction, heterogeneous nucleation, constitutional supercooling.

@® Problems: settling (sediment); waste; poisoned by certain elements.

® Methods to improve the grain refinement efficiency: pretreatments of Mg-Zr master alloy, melt treating by energy field.

Future scopes with Zr refinement

O The preparation methods of high-quality Mg-Zr master alloys deserve deep investigations.
O To remove the inclusions followed by the in-situ Zr-rich salts, melt purification technology deserves investigations.

Figure 14. The main features of the effect of grain refinement with Zr on Mg alloys.

The main conclusions are as follows:

(1) Among various methods of introducing Zr into Mg melt, only the Mg-Zr master
alloy shows high efficiency. This is because the Mg-Zr master alloy ensures that the
interface between the Zr particles and the Mg melt is clean and active, facilitating the
diffusion of Zr elements and increased nucleation utilization.

(2) The grain refinement mechanism is attributed to both heterogeneous nucleation and
the constitutional supercooling effect. The perfect crystal match between Zr and Mg,
and the high GRF value contribute to the powerful effect of grain refinement with Zr.

(3) Many factors influence the effect of grain refinement with Zr, including Zr particle
settling, the particle size distribution of the Mg-Zr master alloy, cooling rate, and the
alloying elements. In particular, the size distribution of the Mg-Zr master alloy has a
great influence on the grain refinement efficiency of Zr. The spontaneous settling of
Zr particles increases the alloying cost.

(4) To achieve a better refinement effect and a higher utilization rate of Zr, two meth-
ods have been investigated, i.e., pre-treatment of the Mg-Zr master alloy and melt
treatment. The newly developed UHFP-TIGR pre-treatment [86] shows remarkable
modification effects and remarkable grain refinement efficiency.

However, due to the complicated process of melt treatment or pretreatment of the
Mg-Zr master alloy, some work needs to be done in future on tackling the problem of Zr
waste at the root and saving expensive Zr resources. The key point is the development of
Mg-Zr master alloy with super-fine Zr particles. To achieve this aim, the typical method for
preparing the Mg-Zr master alloy, i.e., Mg thermal reduction reaction with Zr-rich halides,
should be investigated again in more detail with respect to its thermal dynamic aspects. If
the Zr particle size can be controlled to be as small as possible during the reaction, a more
economical production of Mg-Zr master alloy will be achieved.

Additionally, if the in-situ method of mixing Zr-rich salts is employed, a suitable
purification technology should be developed for removing the salt inclusions in the Mg
melt. There are two points worthy of investigation. One is that new fluxes effective in
removing inclusions can be developed based on the molten salt system. Another is that
complex purification methods such as gas bubbling plus external energy field are deserving
of trials.
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