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The literature on grain refinement of magnesium alloys is reviewed with regard to two broad groups
of alloys: alloys that contain aluminum and alloys that do not contain aluminum. The alloys that are
free of aluminum are generally very well refined by Zr master alloys. On the other hand, the
understanding of grain refinement in aluminum bearing alloys is poor and in many cases confusing
probably due to the interaction between impurity elements and aluminum in affecting the potency of
nucleant particles. A grain refinement model that was developed for aluminum alloys is presented,
which takes into account both alloy chemistry and nucleant particle potency. This model is applied
to experimental data for a range of magnesium alloys. It is shown that by using this analytical approach,
new information on the refinement of magnesium alloys is obtained as well as providing a method
of characterizing the effectiveness of new refiners. The new information revealed by the model has
identified new directions for further research. Future research needs to focus on gaining a better under-
standing of the detailed mechanisms by which refinement occurs and gathering data to improve our
ability to predict grain refinement for particular combinations of alloy and impurity chemistry and
nucleant particles.

I. INTRODUCTION

ACHIEVEMENT of a fine grain size generally leads
to improved mechanical properties and structural uniformity
of most metals and alloys. Thus, a fine grain size in cast-
ings is important for the service performance of cast prod-
ucts and is also important for the final properties of
semifabricated products, e.g., extrusions that are produced
from cast billet. High-pressure die castings (HPDCs) nor-
mally have a fine microstructure because of the extremely
high solidification rates that are achieved and do not need
the addition of a grain-refining agent. However, the solidi-
fication rate in sand castings, permanent mold castings, and
direct chill billet castings is much slower and a uniform fine
microstructure can generally only be achieved in these cast-
ings by use of a grain-refining additive prior to casting.

Depending upon whether they are alloyed with aluminum,
magnesium alloys can be generally classified into two broad
groups: aluminum free and aluminum bearing. Aluminum-
free alloys mainly refer to those containing zirconium or grain
refined by zirconium such as ZE41, ZK60, WE43, AM-SC1,
and ML10. These are an important high value added class
of alloys that are based on the exceptional grain-refining
ability of zirconium when added to alloys that do not contain
aluminum. Aluminum bearing alloys such as AM50, AM60,

and AZ91 comprise the basis of the current magnesium busi-
ness and have been predominantly used in HPDC applications.
The exceptional grain-refining ability of zirconium does not
occur in these alloys, as aluminum and zirconium can readily
form stable intermetallic phases, which are unfortunately inef-
fective as nucleants for magnesium grains. Currently, a suit-
able grain refiner, i.e., reliable and easy to apply, does not
exist for this group of alloys. It has long been anticipated
that such a grain refiner would allow alloys such as AZ91
and AZ31 to be used more extensively in non-HPDC appli-
cations, particularly for AZ31, as the demand for high-quality
extrusion billet increases. This is because grain refinement
can effectively reduce hot tearing susceptibility during direct
chill billet casting, provide fine-grained billet with improved
extrusion properties, and ensure a uniform fine-grained recrys-
tallized microstructure in extruded product. Such a microstruc-
ture would lead to both optimum mechanical and cosmetic
properties of extruded profiles. Moreover, a fine-grain-sized
billet product would be suitable as a feedstock material for
semisolid forming processes. Another attraction of grain
refinement is that it results in improved creep resistance for
alloys that contain a hard divorced eutectic phase, as has been
demonstrated by the AM-SC1 alloy.[1] This is because in
the fully grain-refined state, the hard divorced eutectic phase
exists at triple points and along the grain boundaries to help
lock the grain boundaries and reduce grain boundary sliding.
Grain refinement also favors corrosion resistance as a result
of improved structural uniformity including a more continuous
intergranular phase.[2]

The technical importance of grain refinement has natu-
rally spurred a renewed interest in grain-refining magnesium
alloys due to increased applications in automobiles. In the
following, a brief review of the grain refinement of mag-
nesium alloys is presented, followed by a detailed discussion
of a generalized theory of grain refinement, and the appli-
cation of this theory to grain refinement of magnesium
alloys. Finally, challenges in grain refinement of both
aluminum-free and aluminum-bearing magnesium alloys
are highlighted.
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II. GRAIN REFINEMENT OF MAGNESIUM
ALLOYS: CURRENT UNDERSTANDING AND

TECHNICAL STATUS

A. Grain Refinement of Mg-Al–Based Alloys

Since the late 1930s, a number of approaches have been
developed to obtain grain refinement in magnesium alloys
that contain aluminum. These are briefly summarized as
follows.

1. Superheating
In foundry practice, the majority of metals and alloys

should not be heated above their liquidus any higher than
is necessary because elevated temperature promotes oxida-
tion, gas absorption, and grain coarsening.[3] Aluminum-
bearing magnesium alloys, however, are an exception in that
they benefit from high-temperature treatment in terms of
grain refinement. This high-temperature treatment is usually
termed superheating and was first described in a British
patent granted in 1931.[4] The process involves heating the
melt to a temperature well above the liquidus of the alloy
(often in the range 180 °C to 300 °C) for a short time, fol-
lowed by rapid cooling to, and short holding at, the pouring
temperature. The grain-refining effect of superheating is
affected by a large number of factors. Sections a and b sum-
marize some generally accepted characteristics of this
approach.

a. Effect of alloy composition
(1) Aluminum is a key element for successful grain refine-

ment by superheating. The superheating effect does not
occur to a marked extent with any system other than
Mg-Al.[5,6,7] Also, high aluminum content magnesium
alloys (�8 pct Al) are more readily grain refined by
superheating than low aluminum content alloys.[5,6]

(2) Grain refinement by superheating is significantly affected
by Fe and Mn. In general, high-purity Mg-Al alloys with
low Fe and Mn contents are less susceptible to super-
heating treatment than alloys with high Fe and Mn con-
tents.[6,7,8] In other words, Mg-Al alloys exhibiting the
superheating effect should contain some Fe or Mn.

(3) A small amount of silicon favors grain refinement by
superheating. However, this effect disappears at a high
iron content.[6] Both Be and Zr have been found to inhibit
grain refinement of magnesium alloys by superheating.[5]

Titanium is also considered to be an inhibiting element.[5]

b. Effect of process variables
There appears to be a specific temperature range for max-

imum grain-refining efficiency by superheating, e.g., 850 °C
to 900 °C for a Mg-9 pct Al-2 pct Zn alloy according to
Tiner.[7] Once sufficient treatment time is given to attain a
fine grain size, there is no further refining effect to be gained
through increasing holding time at the superheat treatment
temperature or repeating the process.[6] Successful super-
heating requires rapid cooling from the superheat treatment
temperature to the pouring temperature and pouring promptly.
The superheating effect generally disappears upon remelting.

One hypothesis proposed for this process is that Al-Fe
or Al-Mn-Fe intermetallics of suitable habit precipitate from
the melt on cooling and subsequently act as nucleation cen-
ters for magnesium grains.[5] This is supported by the obser-
vations that Mg-Al alloys exhibiting the superheating effect

contain some Fe or Mn. Recent work by Cao et al.[9] con-
firms that Fe is a grain refiner for high-purity Mg-Al alloys
(Fe � 10 ppm; Mn � 10 ppm) when added in the form of
FeCl3, due to the formation of Al- and Fe-rich intermetallic
particles. In addition, Byun et al.[10] have recently shown
that different types of AZ91 microstructure can be produced
by taking advantage of the assumption that Al8(Mn,Fe)5

particles are effective nucleants for magnesium grains. The
temperature-solubility theory[11] is another major hypothesis
proposed for superheating. It was suggested that the particles
present at normal melt temperatures are too large in size and
too few in number to provide good grain refinement, but at
higher melt temperatures, they will dissolve into the melt
and then re-precipitate as a large number of fine nucleation
sites on cooling. The third major hypothesis proposed is
the nucleation of magnesium grains on Al4C3 particles,[5]

based on the assumption that there is obvious uptake of
carbon from steel crucible walls at the very high superheating
treatment temperature. Other mechanisms proposed include
nucleation on magnesium oxides, aluminum oxides, or similar
nonmetallic inclusions that form during the superheating
process.[6,7] It is likely that there is more than one mechanism
functioning in superheating.

Owing to the requirement for rapid cooling from the treat-
ment temperature to pouring temperature, grain refinement
by superheating is less practical for a large pot of melt on
a commercial scale. Other shortcomings include excessive
consumption of time and fuel/electricity and shortened life
of the alloying vessels.

2. Carbon inoculation
Carbon inoculation is another major grain-refining

approach developed to date for Mg-Al–based alloys. The
key step of this process is the introduction of carbon into
molten magnesium. Reported methods of introducing carbon
include, but are not limited to, graphite, paraffin wax, lamp-
black, organic compounds such as hexachloroethane (C2Cl6)
and hexachlorobenzene (C6Cl6), carbides (Al4C3, SiC, CaC2),
and bubbling the melt with carbonaceous gases (e.g., CO,
CO2, CH4).

[5,6] Calcium carbide and hexachloroethane appear
to work more satisfactorily than the other means, but the
use of hexachloroethane causes environmental problems.
The elements Be, Zr, Ti, and RE (rare earth elements) were
found to interfere with this process.[5] The grain refinement
achieved by carbon inoculation is in general comparable to
that achieved by superheating.

Similar to superheating, carbon inoculation is effective
only to magnesium alloys that contain aluminum.[11–14] In
the literature, Mg-Al type alloys that can be effectively grain
refined by carbon inoculation normally contain more than
2 pct Al. As such, there is a general consensus about the
mechanism of carbon inoculation, i.e., Al4C3 particles are
effective nucleants for magnesium grains.[5,14] This is further
supported by a recent development that the addition of an
Al-Al4C3-SiC master alloy to AZ31 and AZ61 results in
obvious grain refinement in both alloys,[15] where, following
the Al4C3 hypothesis, the master alloy was reportedly made
by reacting SiC with molten aluminum. Recent work by
Yano et al.[16] shows that the nucleant particles found in the
microstructure of an AZ91 alloy after carbon inoculation not
only contain Al and C but also contain oxygen (O), sug-
gesting that the nucleants are more likely to be a multi-
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component compound containing Al, C, O, and even some
other elements as well, rather than binary Al-C compounds.

Carbon inoculation is an effective approach for grain
refinement of Mg-Al alloys. The major challenge is how to
consistently introduce carbon into molten magnesium while
on the other hand having no excess carbon left in the melt
from a corrosion point of view.

3. Grain Refinement by FeCl3—the Elfinal Process
The Elfinal process was invented by the metallurgists of

I.G. Farbenindustrie (a pioneering German magnesium com-
pany) based on the hypothesis that iron particles could act
as nucleation sites for magnesium grains. It was first reported
in a Belgian patent granted in 1942,[17] which claimed that
Mg-Al-Zn alloys (Al: 4 to 8.5 pct; Zn: 0.5 to 3 pct; no other
elements were mentioned) could be grain refined by addi-
tions of 0.4 to 1.0 pct of anhydrous FeCl3 at temperatures
between 740 °C and 780 °C. Although the approach worked
satisfactorily in terms of grain refinement, the mechanism
proposed by its inventors failed to convince other metallur-
gists. Different mechanisms were subsequently proposed.
According to Emley,[5] hydrolysis of FeCl3 in the magnesium
melt gives rise to copious hydrogen chloride (HCl) fumes,
which then attack steel crucibles to liberate some carbon
into the melt. The other mechanism proposed is that mag-
nesium grains nucleate on Fe-Mn-Al particles that have a
good crystallographic match with magnesium.[5] A recent
detailed examination of this process has led to clarification
of a number of issues:[9]

(1) The process leads to grain refinement when high-purity
Mg-Al alloys are melted in carbon-free aluminum titanite
crucibles, suggesting that refinement has little to do with
the Al4C3 hypothesis proposed by Emley.[5]

(2) Al- and Fe-rich intermetallic particles rather than pure
iron particles are observed in the central regions of many
magnesium grains in both Mg-3 pct Al and Mg-9 pct
Al alloys treated with different FeCl3 additions, suggest-
ing that magnesium grains nucleating on Fe-containing
intermetallic particles of suitable habit give rise to grain
refinement.

(3) Contrary to the observations made by Nelson,[6] iron can
grain refine high-purity Mg-Al alloys containing little
manganese (�10 ppm).

The Elfinal process has convincingly demonstrated that
Fe is a grain refiner for Mg-Al alloys due most likely to
the formation of Al- and Fe-rich intermetallic particles.[9]

This has helped clarify many confusing phenomena observed
in the grain refinement of Mg-Al alloys. Inhibiting elements
also exist for this process such as Zr and Be (both elements
are iron removal agents).[5] Although the Elfinal process
leads to obvious grain refinement, Fe is notoriously detri-
mental to the corrosion resistance of magnesium alloys and,
in addition, the release of Cl or HCl is of great concern.
Thus, this approach is less attractive than others.

4. Native grain refinement by control of impurity level
That high-purity Mg-Al alloys have a native fine grain

structure was first reported by Nelson.[6] Recent work by
Tamura and co-workers[8,18] further confirmed Nelson’s
observations. The mechanisms of native grain refinement
remain unclear. The high-purity Mg-9 pct Al alloys used by

Tamura et al. were prepared using distilled pure magnesium
(99.99 pct) and high-purity aluminum (99.99 pct), but still
contained 20 ppm of carbon. As such, they attributed the
observed native grain refinement to the Al4C3 or Al-C-O
nucleants that existed in the melt. It is unclear whether native
grain refinement of high-purity Mg-Al alloys is conditional
upon the C and Al contents. The difficulty of clarifying the
role of carbon lies in the difficulty of how to accurately
determine a trace level of carbon in a magnesium alloy. It
should be pointed out that this process contradicts the Elfinal
process in terms of the role of Fe in the grain refinement of
high-purity Mg-Al alloys.[9]

5. Grain refinement by means of other additives
Apart from the use of carbon or carbonaceous substances

and FeCl3, many other additives have been tried. These
include Sr, RE, Th, Si, Ca, B, AlN, MgO, TiB2, and
TiC.[19,20,21] Of these additives, Sr was found to be effective
only for pure magnesium or low aluminum content magne-
sium alloys (1 pct Al).[21] Other additives have reportedly
led to grain refinement of Mg-Al alloys but none has yet
been made available commercially. Boily and Blouin[19] have
recently claimed that the use of microcrystalline TiB2 and
TiC particles (particle size: 0.5 to 30 �m) gives rise to grain
refinement of Mg-Al alloys but no experimental details were
disclosed.

In summary, a suitable grain refiner for Mg-Al alloys is
still elusive and none of the approaches discussed has been
satisfactory in a commercial sense. The two general directions
of resolving the grain refinement problem of Mg-Al alloys
are therefore either to find a new additive that will perform
the task or to significantly improve the efficiency of an exist-
ing process. Either way requires a much better understanding
of what controls the formation or poisoning of nucleant
particles in a Mg-Al alloy.

B. Grain Refinement of Magnesium Alloys by Zr

Zirconium is a potent grain refiner for magnesium alloys
that contain little (impurity level) or no Al, Mn, Si, and Fe
(zirconium forms stable compounds with these elements).[22]

When added to these alloys, where the maximum solubility
of Zr in molten pure magnesium at 654 °C is �0.45 pct,[23]

Zr can readily reduce the average grain size to about 50 �m
from a few millimeters at normal cooling rates. Moreover,
well-controlled grain refinement by Zr can lead to formation
of nearly round or nodular grains,[24] which further enhance
the structural uniformity of the final alloy. This exceptional
grain-refining ability of Zr has led to the development of a
number of commercially important magnesium alloys,[25]

including a few recently developed sand casting creep-
resistant alloys for automotive engine blocks.[1,26]

The most characteristic feature of the microstructure of a
magnesium alloy containing more than a few tenths percent
soluble zirconium is the Zr-rich cores that exist in most mag-
nesium grains.[27] These Zr-rich cores are usually less than
15 �m in size at normal cooling rates. The cores are the
result of peritectic solidification where Zr-rich magnesium
solidifies first when magnesium is nucleated by the primary
Zr particles. In the fully grain refined state, these Zr-rich
cores generally appear with a nearly spherical or ellipti-
cal form and many contain a tiny particle in their central
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regions.[27] Electron microprobe analyses of these particles
showed that the majority were nearly pure Zr particles. On
the other hand, little Zr was detected in most traversed areas
that surrounded the cores, indicating that almost all Zr in
solid solution is concentrated in the Zr-rich cores. The dis-
tribution of Zr in these cores was found to be inhomogeneous
and to vary in a wide range, e.g., from 0.5 to 3 pct. It has
been found that many magnesium grains often contain more
than one core, and they can exist anywhere inside a grain
rather than just in the central region.[27,28]

Grain refinement of magnesium alloys by Zr is noticeable
at low levels of soluble Zr.[22,29] Early work by Sauerwald[30]

suggested that only the Zr that is dissolved in the liquid mag-
nesium at the time of pouring is effective in causing grain
refinement. Insoluble Zr such as undissolved Zr particles
was believed to be irrelevant to grain refinement, despite
both �-zirconium and magnesium having the same type of
crystal structure and nearly identical lattice parameters. This
view appeared to be widely accepted until it was recently
shown by Tamura et al.[31] that undissolved Zr particles actu-
ally play an important role in grain refinement. More recent
work[32,33,34] has confirmed this observation and demonstrated
that grain refinement of magnesium alloys by Zr is dictated
by both soluble and insoluble Zr contents. Uptake of iron
and settling of Zr particles are the two major factors affecting
the soluble and insoluble Zr contents in a magnesium melt.
Uptake of iron from a steel alloying vessel can quickly con-
sume the soluble Zr content, particularly when the melt is
held at a high temperature (�750 °C).[29] On the other hand,
excess settling can lead to an obvious reduction in the num-
ber of active Zr particles in the melt. Either can cause an
increase in the average grain size of the final alloy.[34,35] The
soluble Zr content in a magnesium alloy is also affected by
the alloy composition; e.g., it has been found that the solu-
ble Zr content is a function of the Zn content in Mg-Zn
alloys and Zn and Zr form stable intermetallic compounds
when the Zn content exceeds about 4 pct.[36]

A detailed examination of the size distribution of active
zirconium particles that were observed at the centers of
Zr-rich cores, in a fully grain-refined magnesium alloy,
showed that the majority of particles were in the range
between 1 and 5 �m in size when measured on polished
sections, and that the most active group of particles were
�2 �m when solidified in a mild steel cone mold.[37] A
model has thus been developed for grain refinement of mag-
nesium alloys by Zr from a microstructural point of view.
This model relies upon nucleation on Zr particles in the size
range between 1 and 5 �m (more favorably around 2 �m
in size) and the formation of the maximum number of Zr-rich
cores during solidification. Both of these conditions require
that the melt contain the maximum soluble Zr content and
a sufficient number of suitably sized undissolved Zr parti-
cles prior to pouring.

In general, grain refinement of aluminum-free magnesium
alloys is well established both scientifically and commer-
cially compared to the grain refinement of aluminum-bearing
alloys. However, Zr is an expensive grain refiner and there
appears to be no alternative to it. Reducing the consumption
of zirconium grain refiner, and hence the cost of grain refine-
ment, is therefore the major challenge that needs to be
addressed. Understanding the detailed refinement mechanisms
by which Zr works is essential for this purpose.

III. A THEORY OF GRAIN REFINEMENT: THE
ROLE OF SOLUTE AND PARTICLE POTENCY

Due to the importance of grain refinement to a broad range
of aluminum alloys, considerable work has been carried out
for over half a century to determine the mechanisms by
which grain refinement occurs.[38–42] It is now generally
accepted that both the potency of the nucleant particles
(defined here as the undercooling required for nucleation,
�Tn) and the segregating power of the solute (defined as the
growth restriction factor, Q) are critical in determining the
final grain size.[43–46]

Easton and StJohn[45] developed a model that takes into
account both �Tn and Q, and good agreement was found
between this model and experimental results. The model was
derived by assuming that in most melts constitutional under-
cooling is the dominant undercooling available once the
thermal undercooling generated by the mold walls on pouring
has quickly dissipated. The amount of thermal undercooling
is dependent on cooling rate. Crystals nucleated on or near
the mold walls due to the thermal undercooling can be swept
into the bulk of the melt and, depending on their survival
rate, contribute to the final grain size. This aspect is discussed
elsewhere[47] and is not considered further in this article.

To simplify the model, it is also assumed that the actual
temperature gradient in the melt is negligible or very low.
This is reasonable due to the high thermal conductivity of
the melt. Thus, the constitutional undercooling

[1]

where ml is the slope of the liquidus line, c0 is the compo-
sition of the alloy, fs is the solid fraction solidified, and
p � 1 � k, where k is the partition coefficient.

By taking the first derivative of Eq. [1] at fs � 0, we find
that the initial rate of development of constitutional under-
cooling is equal to the growth restriction factor Q. That is,

[2]

This relationship is true for either equilibrium or nonequi-
librium Scheilian solidification.[41]

Further, if it is assumed that a nucleation event occurs when
�Tc reaches �Tn, then fs must correspond to the grain size as
fs represents the amount of grain growth that occurs before it
is interrupted by the next nucleation event. This assumption
also assumes that potent nucleant particles are present at the
point where �Tn is achieved. Due to the shallow temperature
gradient present in the melt, a wave of nucleation events occurs
from the mold walls toward the thermal center of the casting.
Each new nucleation event occurs when growth of the pre-
viously nucleated grain generates constitutional undercooling
equal to �Tn. By rearranging Eq. [1], we can calculate the
relative change in grain size with solute composition and
particle potency where relative grain size (RGS) is

[3]

where fs,n is the amount of growth required to develop the
undercooling, �Tn, necessary for nucleation to occur.

RGS � fs,n � 1 � a ml c0

ml c0 � �Tn
b

1
p

d�Tc

dfs
� ml c0(k � 1) � the growth restriction factor, Q

�Tc � ml c0a1 �
1

(1 � fs)
pb
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Equation [3] can be used to show (Figure 1) the rela-
tionship between grain size and the combined effects of par-
ticle potency, �Tn, and solute content of the alloys. Figure 1
shows that particle potency has a significant effect on grain
size for all solute contents while solute content has a dra-
matic effect on grain size at low solute contents and very
little effect at high solute contents.

The model can be simplified by assuming that the consti-
tutional effects on the grain size are related to the initial rate
of development of constitutional undercooling according to
Eq. [2]. This assumption is particularly useful when potent
nucleant particles are present. In this case, the grain size
becomes related to 1/Q.[45] Table I presents the data for cal-
culating Q for a range of elements when alloyed to magnesium.
It can be seen that one of the reasons why Zr is an excellent
refiner is that it generates very high values of Q when small
amounts are present in the magnesium as solute.

Replotting the data in Figure 1 against 1/Q gives a series
of straight lines. Figure 2 represents a typical grain size, d,
vs 1/Q plot showing the relationship

[4]

It has recently been shown[48] that the slope, b, is related to
the potency of the nucleant particles where a steeper slope
corresponds to a lower potency, and the intercept, a, corre-
sponds to the number of particles that actually nucleate grains
at infinite values of Q. Theoretically, a can decrease to zero
for an infinite number of particles, as shown in Figure 2(b).
However, the minimum achievable grain size for an alloy
defined by a particular value of Q is given by the point at
Q on the line of slope b that passes through the origin (i.e.,
for an infinite number of particles). Also, a decreases accord-
ing to a cube root relationship as the amount of grain refiner
added is increased.[48] Thus, Eq. [4] becomes

[5]

where � is the density of nucleant particles and f is the
fraction of these particles that are activated.

d �
a¿
31r f

	
b¿�Tn

Q

d � a 	 b/Q

Fig. 1—Relative grain size vs solute content for a range of nucleant par-
ticle potencies, �Tn, as calculated by Eq. [3]. The solute used is Ti added
to pure Al.[51]

Table I. Slope of the Liquidus Line, m, Equilibrium
Distribution Coefficient, k, and Growth Restriction Factor,

m(k � 1), of Various Alloying Elements in Magnesium*

Element m k m(k � 1) System

Fe �55.56 0.054 52.56 eutectic
Zr 6.90 6.55 38.29 peritectic
Ca �12.67 0.06 11.94 eutectic
Si �9.25 �0.00 9.25 eutectic
Ni �6.13 �0.00 6.13 eutectic
Zn �6.04 0.12 5.31 eutectic
Cu �5.37 0.02 5.28 eutectic
Ge �4.41 �0.00 4.41 eutectic
Al �6.87 0.37 4.32 eutectic
Sr �3.53 0.006 3.51 eutectic
Ce �2.86 0.04 2.74 eutectic
Sc 4.02 1.65 2.61 peritectic
Yb �3.07 0.17 2.53 eutectic
Y �3.40 0.50 1.70 eutectic
Sn �2.41 0.39 1.47 eutectic
Pb �2.75 0.62 1.03 eutectic
Sb �0.53 �0.00 0.53 eutectic
Mn 1.49 1.10 0.15 peritectic

*The value of Q is calculated by Com(k � 1), where Co is the composition
of the alloy. Note that experimental data was not available for some of the
binary systems, in which case theoretical calculation values were used.[21]

Fig. 2—(a) Effect of changing the nucleant particle potency on the gradi-
ent b while keeping the number of particles constant. Particles that pro-
duce a slope b
 are the most potent particles. (b) Effect of adding more
particles on the value of a, while keeping the potency constant.

(a)

(b)
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Table II. Values of the Gradient b and Intercept a of Grain
Size vs 1/Q Lines for Mg Binary Alloys with Al, Ca, Zr, Si,

and Zn Presented in Figure 4*

Element Gradient b (�m K) Intercept a (�m) R2

Al 3534 95.9 0.98
Ca 864 135 0.88
Zr 695 52.5 1.0
Si 290 202 0.99
Zn 668 201 0.90

*R2 is the correlation coefficient. The data are obtained by assuming
the total measured concentration of the binary element is present as solute.
This assumption is probably correct for all elements except Zr; although
the total Zr contents are below the solubility limit, Zr particles remain
undissolved in the melt.

Fig. 3—The grain size of binary magnesium alloys with Al, Zr, Zn, Ca,
and Si plotted against the growth restriction factor Q. The data are taken
from Lee et al.[21]

These relationships have been verified by a large number
of experiments on a broad range of aluminum alloys.[48]

The application of the theory to magnesium alloys is more
difficult than to aluminum alloys. In aluminum alloys, we
can quantify the amount and relative potency of particles
relatively easily. This is not easy to do in magnesium alloys.
For example, when Zr is added, the Zr particles dissolve to
different extents depending on the initial particle size and
processing conditions. The situation is even more difficult
for Mg-Al–based alloys because, in most cases, we do not
clearly know what the nucleant particles are, let alone how
to predict their potency and number. However, the theory
can be used to gain insight into the factors that affect the
grain-refining capacity of a range of magnesium alloys.

IV. GRAIN REFINEMENT OF MAGNESIUM
ALLOYS: EXPERIMENTAL OBSERVATIONS

AND DISCUSSION

Figure 3 shows the grain size resulting from binary addi-
tions of Zr, Al, Zn, Ca, and Si plotted against Q, as pre-
sented by Lee et al.[21] Viewing the data in this traditional
way does not provide as much information as a plot of grain
size versus 1/Q, as shown in Figure 4. By replotting grain
size against 1/Q, we can separate the effect of alloy com-
position and focus on the factors related to the potency and
relative number of the particles responsible for nucleating
grains. However, in the case of the alloys studied here, it
needs to be realized that the nucleant particle additions are
not controlled and this will affect interpretation of the data.
The main problem is that the elemental additions may have
added known or unknown nucleant particles. In the case of
the Mg-Zr system, Zr particles are added but the exact num-
ber is not known due to different degrees of dissolution of
Zr particles into the magnesium melt. However, for the other
elemental additions, it will be assumed that the elemental
additions may change the chemistry or structure of the impu-
rity particles that act as the nucleating substrates but not
their number. This assumption appears to be reasonable as
the intercepts, a, are approximately similar. If large num-

bers of nucleant particles are added with each increment of
elemental addition, then the intercept will decrease sub-
stantially as in the case when Zr is added. It should also be
noted that the gradient b will only increase if nucleant par-
ticles are added with each increment of elemental addition
and therefore the gradient will underestimate the potency of
the nucleant particles. Despite the need to consider this
aspect, analysis of the data presented in Figure 4 reveals
important information.

By analyzing Figure 4, it can be more clearly seen that the
values of the slope b and the intercept a vary considerably, as
shown in Table II. The very high value of b (Table II) for the
Mg-Al alloys shows that there are nucleant particles of very
low potency present. Aluminum forms intermetallics with many
impurity elements, particularly Fe.[5,6,8,9] Some of these inter-
metallics have good potency while others have very low potency.
The likelihood of low potency nucleant particles being present
appears to be affected by the purity of the base magnesium
used to make the alloy with higher purity providing a smaller
grain size.[6,21] Contradicting these observations is the fact that
Fe can refine magnesium alloys.[9] Thus, the relationship between
purity and potency is complicated and at present is not well
understood. This complexity probably explains why a suitable
reliable grain refiner for Mg-Al–based alloys remains elusive.

Fig. 4—The grain size of binary magnesium alloys with Al, Zr, Zn, Ca,
and Si plotted against the growth restriction factor 1/Q.
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From Figure 4, it appears that Zn and Ca behave in a
similar manner and may contain nucleant particles of the
same type as the b values are similar, although the particles
in the Mg-Zn alloy may be slightly more potent (Table II).
The potency of these unknown particles (which may or may
not contain Zn or Ca) as nucleating substrates is much higher
than those in the Mg-Al system analyzed in this work (b
values of 700 to 900 compared to 3500, Table II).

The most surprising result arising from Figure 4 is the very
low value of b for the Mg-Si binary alloys. This implies that
the nucleant particles present in this alloy are very potent. It is
known that SiC can be a nucleant for magnesium,[49] and it is
possible that SiC is formed if carbon is present as an impurity
element. Despite the very good potency, the value of the inter-
cept a is comparatively high, implying that there are fewer par-
ticles present in the melt compared with the other binary alloys.

The b value for Zr is similar to the Mg-Zn alloy, but this
does not imply similar potency as the Zr results include the
deliberate addition of Zr particles. Thus, the plot for Zr is steeper
in Figure 4 than it should be because the value of Q is over-
estimated due to some of the Zr remaining as solid particles
rather than as solute Zr and due to increasing numbers of Zr
particles with each increase in Zr content. Figure 5 is a
schematic showing how the data are skewed and that the actual
value of b is in fact a much lower value. The data plotted in
Figure 4 assume that the total Zr added to the melt was dis-
solved. However, this is not correct as some Zr particles remain
undissolved in the melt. Therefore, the Q value of each plot-
ted point needs to be corrected, as shown in Figure 5, by mov-
ing horizontally to the right to reflect a lower Q value than that
calculated using the total Zr content (e.g., point C shifts to
point C�). Also, in order to calculate the correct b value (or
potency) for Zr particles, the number of particles needs to
remain constant. However, each further addition of Zr means
that more Zr particles remain undissolved in the melt. To cor-
rect for the increasing number of Zr particles, points A and B
need to not only move horizontally to the right to correct for
a lower Q value, but must also move vertically upward to A�
and B� to reduce the number of particles to equal the number
present in alloy C as this reduction would lead to a larger grain

size. A line drawn through A�, B�, and C� in Figure 5 then
defines the correct b value for Zr particles. However, it is dif-
ficult to quantify the different contributions of the Zr particles
and the Zr solute. The additions made were all below the
peritectic composition of 0.45 pct Zr, which suggests that all
the Zr particles should have dissolved. However, previous stud-
ies indicate that up to 50 pct of the Zr particles remain in the
melt even at long holding times.[34,36,50] If the contribution of
increasing numbers of Zr particles is removed, then b would
have a much lower value as would be expected given the excel-
lent crystallographic match between Mg and Zr. To obtain data
with a constant number of Zr particles while changing the value
of Q is very difficult and requires well-controlled experiments.
Further work is in progress to generate the data required to
improve the quantification of b and a for Mg-Zr alloy systems.

It is clear that the information provided by Figure 4 allows
conclusions to be drawn about the nature of the nucleant par-
ticles in terms of their potency and relative number, which can
characterize the performance of new nucleant particles and
identify whether the nucleant potency or number is more impor-
tant in optimizing the grain refinement system. This model
provides another analytical approach that can be used to identify
potential grain-refining systems and information to complement,
or in some cases without the need of, information gained from
compositional analysis or crystallography of the particles.
Through analysis of grain size vs 1/Q plots, opportunities for
the design of new grain refiners may become apparent.

Due to the complicated role of impurities and the inter-
action of alloying elements, the data presented here cannot
be used to draw conclusions about what may occur in asso-
ciated ternary alloys or when using a different source of base
alloying additions. It is likely that if this work were to be
repeated using a number of different source materials, a
range of b and a values would be obtained depending on
whether the level of purity changes the composition and thus
the crystallography of the nucleant particles (and thus b) or
reduces the number of potent particles that nucleate the grains
(and thus a). For example, Al forms intermetallics with most
elements present or added to the melt leading to a large array
of possible intermetallics that could be formed within dif-
ferent alloys. Also, the formation of the potent nucleants in
the Mg-Si system of this study may not be formed in a car-
bon-free melt or when alloyed with aluminum as the con-
ditions for the formation of SiC may not be present.

More data are needed to be able to use this model to iden-
tify the detailed mechanisms affecting grain refinement. By
carrying out systematic work on superheating, native grain
refinement and carbon inoculation for a range of alloys along
a spectrum of Q values should reveal information that will
improve our understanding of the mechanisms operating in
these grain refinement methods. This understanding will then
help us to define process and chemistry factors that will con-
sistently achieve a fine grain size in Mg-Al–based alloys.

The model can also be applied to Zr additions to qualita-
tively show the effect of stirring, settling, and Zr loss on grain
size. Figure 6 is a schematic representing the changes in grain
size that can occur on the addition of Zr to an alloy desig-
nated as A. Alloy A sits on a line of slope b� as the nucle-
ants naturally present in the unrefined alloy have poor potency
and the intercept a is a large value because there are few
particles that activate the nucleation of grains. The change
from A to B occurs when Zr master alloy is dropped into the

Fig. 5—A schematic plot showing that the plotted data presented in Fig. 4
for the Mg-Zr system are skewed compared to the data after correction
for undissolved Zr and the increased number of Zr particles after each
further addition of Zr.
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melt but before stirring is applied. The grain size decreases
due to the release of a few Zr particles, but Q does not change
significantly as little dissolution of Zr has occurred. However,
alloy B sits on a line of slope b
 due to the addition of more
potent particles. When stirring is applied, the Zr particles are
distributed throughout the melt causing the grain size to
decrease further to point C. In addition, stirring enhances the
dissolution of Zr dramatically causing Q to increase and the
grain size to decrease along C to D. It is likely that these last

two effects occur simultaneously with the grain size follow-
ing a line between B and D. If further Zr master alloy is added,
then the grain size will follow the line between D and E as
the extra grain refiner will add both dissolved Zr and Zr par-
ticles. Further addition from E to F brings the soluble Zr to
the maximum solubility limit according to phase equilibria.
Further additions of master alloy beyond F will decrease the
grains size but Q will not increase further.

If a stirred melt of composition D is left to sit, then set-
tling of Zr particles will occur, increasing the grain size to
G. During settling, the value of Q should remain constant
unless Zr in solution reacts with Fe from the crucible walls
or is oxidized. If this occurs, then Q decreases due to a loss
of soluble Zr taking the grain size from G to H. These reac-
tions will be more likely if the melt is held at high temper-
ature for long periods. Assuming no deleterious reactions
occur and the melt is restirred after settling has occurred,
the grain size will then decrease from G to D.

To test the predictions of Figure 6, experiments were car-
ried out on a Mg-0.5 pct Zn alloy. The steps from A to B,
D, E, F, and G were carried out as described in the caption
for Figure 7. It was found that the grain size changes
observed correspond very well with the predictions of the
schematic representation given in Figure 6. The soluble Zr
contents of the samples were analyzed and Figure 8 plots
the measured grain size against 1/Q calculated from the
analyzed Zr contents. Good agreement with the model illus-
trated in Figure 6 is obtained. Because of the variation in
insoluble Zr content among the samples analyzed, it was
not possible to calculate the value of b for Zr particles. A
more extensive set of experiments is required. To be able
to reduce the cost of Zr addition, we need to quantify the
relationships to obtain values for b and a and relate them

Fig. 7—Experimental assessment of the model presented in Fig. 6 on a Mg-0.5 pct Zn alloy. The micrograph code corresponds to the sample codes A, B
etc. shown in Fig. 6. For example, micrograph A corresponds to point A on Fig. 6 and has a grain size of 590 �m. Micrograph B with a grain size of
350 �m was obtained after 0.5 pct Zr was added to the melt in the absence of stirring. After 2 min of stirring, the grain size further decreased to 110 �m
(micrograph D) due to dissolution of Zr (increasing Q) and a more even distribution of Zr particles. Micrograph E is the result of a further addition of 0.5
pct Zr (total 1 pct Zr) that increases Q toward the solubility limit and adds extra Zr particles together reducing the grain size to 54 �m, and micrograph F
results from another 1 pct Zr addition (total 2 pct Zr), which brings Q close to the solubility limit and increases the number of Zr particles further reduc-
ing the grain size to 27 �m. Micrograph G shows the effect of holding the melt that produced D for 2 hours without stirring. The settling of Zr particles
causes the grain size to reduce to 200 �m. When the melt is restirred for 2 minutes, the grain size returns to 110 �m. The alloys were melted in an alu-
minum titanite crucible and the sampling temperature was 730 °C.

(a) (b)

Fig. 6—A schematic representation of the changes in grain size during the
addition of Zr master alloy to a Mg-0.5 pct Zn alloy as a function of the
value of 1/Q, the potency of nucleant particles, b, and the number of active
nucleant particles. An elaboration of this model is provided in the text.



to actual soluble and insoluble Zr contents. This infor-
mation will allow calculation of the exact amount of Zr
addition needed to deliver the required grain size and
definition of the processing conditions to prevent wastage
due to settling and reaction with the crucible walls and the
atmosphere.

V. SUMMARY

The literature on the grain refinement of magnesium
alloys was reviewed according to two groups of magne-
sium alloys: aluminum-bearing and aluminum-free alloys.

It is concluded that the understanding of grain refinement
in aluminum-bearing alloys is not complete and more
knowledge is required about the role of impurities and the
addition of further alloying elements in affecting the
potency of nucleant particles. A number of grain-refining
methods have been developed but they suffer from a num-
ber of problems making them unsuitable for commercial
casting operations. Also, the response to grain refinement
by these methods due to purity and casting condition dif-
ferences is not readily predictable. This lack of predictability
and understanding may explain why a commercially suit-
able grain refiner for aluminum-bearing alloys has not been
developed. In contrast, aluminum-free alloys are readily
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Fig. 7—(Continued). Experimental assessment of the model presented in Fig. 6 on a Mg-0.5 pct Zn alloy. The Micrograph code corresponds to the sam-
ple codes A, B etc. shown in Fig. 6. For example, Micrograph A corresponds to point A on Fig. 6 and has a grain size of 590 �m. Micrograph B with a
grain size of 350 �m was obtained after 0.5 pct Zr was added to the melt in the absence of stirring. After 2 min of stirring, the grain size further decreased
to 110 �m (micrograph D) due to dissolution of Zr (increasing Q) and a more even distribution of Zr particles. Micrograph E is the result of a further addi-
tion of 0.5 pct Zr (total 1 pct Zr) that increases Q toward the solubility limit and adds extra Zr particles together reducing the grain size to 54 �m, and
micrograph F results from another 1 pct Zr addition (total 2 pct Zr), which brings Q close to the solubility limit and increases the number of Zr particles
further reducing the grain size to 27 �m. Micrograph G shows the effect of holding the melt that produced D for 2 hours without stirring. The settling of
Zr particles causes the grain size to reduce to 200 �m. When the melt is restirred for 2 minutes, the grain size returns to 110 �m. The alloys were melted
in an aluminum titanite crucible and the sampling temperature was 730 °C.

(d) (e)

( f ) ( g)



refined by Zr, and this method of refinement is well estab-
lished scientifically and commercially. However, Zr addi-
tions are expensive and optimization of Zr refinement to
reduce cost is necessary.

Therefore, research needs to focus on gaining a better
understanding of the detailed mechanisms by which refine-
ment occurs and gathering data to improve the ability to
predict grain refinement for particular combinations of alloy
and impurity chemistry and nucleant particles. A model that
was developed for aluminum alloys was presented that takes
into account both alloy chemistry and nucleant particle
potency. This model was then applied to experimental data
from a range of magnesium alloys. It was shown that by
using this analytical approach, new information on the refine-
ment of magnesium alloys is obtained as well as providing
a method of characterizing the effectiveness of new refiners.
The new information revealed by the model has identified
new directions for further research.
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