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Abstract

The mechanism underlying the grain refinement of cast aluminium by zirconium has been studied through examination of a range of
Al alloys with increasing Zr contents. Pro-peritectic Al3Zr particles are reproducibly identified at or near the grain centres in grain-refined
alloy samples based on the observations of optical microscopy, scanning electron microscopy and X-ray diffraction. From the crystal-
lographic study using the edge-to-edge matching model, electron backscatter diffraction and transmission electron microscopy, it is sub-
stantiated that the Al3Zr particles are highly potent nucleants for Al. In addition, the effects of Al3Zr particle size and distribution on
grain refinement has also been investigated. It has been found that the active Al3Zr particles are bigger than previously reported other
types of active particles, such as TiB2 for heterogeneous nucleation in Al alloys. Considering the low growth restriction effect of Zr in Al
(the maximum Q-value of Zr in Al is 1.0 K), it is suggested that the significant grain refinement of Al resulting from the addition of Zr
can be mainly attributed to the heterogeneous nucleation facilitated by the in situ formed Al3Zr particles.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The mechanism of grain refinement through inoculation
in aluminium alloys has been studied for over half a cen-
tury [1–4]. Although many theories/models [5–13] have
been proposed, none of them can fully elucidate all of the
observations from experiment and practice. In general, it
is now accepted that the presence of both potent nucleant
particles and sufficient solutes is essential for effective grain
refinement [2,14–17]. Despite the common recognition of
these two essentials, the details of the grain refinement
mechanism(s) are still of some ambiguity. One of the major
problems is to determine the exact factors that control the
efficiency of grain refinement. For example, the recent
investigations [18–22] on a number of newly developed
grain refiners for Mg–Al-based alloys and Ti alloys showed

relatively low efficiencies compared to that expected from
the crystallographic matching, which represents the
potency of heterogeneous nucleation and the constitutional
undercooling contribution of solute elements. Therefore, it
appears that something important is still missing in the cur-
rent understanding of grain refinement. It is worth noting
that the spotlight of previous studies on grain refinement
mechanism of Al alloys was primarily focused on the Al–
Ti–B and Al–Ti–C systems as they are the most common
grain refiners used in the foundry [3,4]. However, it is
believed that the study of grain refinement resulting from
other solute elements, which also produce effective grain
refinement in Al may provide fresh insight into the factors
that control the grain refining efficiency.

It has been long realized that peritectic systems are often
associated with effective grain refinement of the parent
metal, such as Al–Ti, Mg–Zr and Mg–Y–Al alloys
[23–26]. However, the peritectic approach has been consid-
ered as incorrect because addition of far less Ti than its
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maximum solubility in Al can still produce significant grain
refinement even though there is no peritectic reaction
involved. This raises the question of whether a similar grain
refining effect can be obtained in other peritectic systems.
One of the typical examples of peritectics is the Al–Zr sys-
tem, in which the addition of Zr produces appreciable grain
refinement in Al. A number of researchers [7,23,24] have
investigated the grain refinement of Al alloys by Zr and
simply attributed the grain refinement to the peritectic
reaction induced by the pro-peritectic Al3Zr phase. Never-
theless, there is still lack of direct experimental evidence to
confirm the effect of the peritectic reaction. In addition, it is
noted that few of the researchers [7,27] studied the crystal-
lography between the pro-peritectic Al3Zr particle and the
Al matrix, which has been considered to be of great signif-
icance in affecting grain refinement efficiency [25,28–30].
Thus, the detailed mechanism underlying the grain refine-
ment is still beyond full understanding, particularly in
terms of the aforementioned two essentials. The particular
questions remaining are whether the observed efficiency of
grain refinement by Zr is mainly related to the peritectic
reaction induced by the pro-peritectic Al3Zr phase (as pro-
posed by previous researchers), whether it is due just to the
nucleation potency of the pro-peritectic Al3Zr particles that
promote grain refinement via heterogeneous nucleation, or
both.

Recently, the grain refining effect on pure Al of a range
of peritectic-forming solutes including Zr was re-examined
by the authors and a Q-value model was used to elucidate
the obtained grain refinement [31]. It was suggested that the
considerable grain refinement resulting from the addition
of Zr is probably due to the introduction of copious nucle-
ant particles, which promote grain refinement via enhanced
heterogeneous nucleation. However, little experimental evi-
dence was provided. The present work aims to clarify the
actual roles/effects of Zr addition on grain refinement of
Al through (i) identification of the pro-peritectic Al3Zr par-
ticles at grain centres by X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM); (ii) characterization of
the crystallographic features between Al3Zr and Al matrix
using the edge-to-edge matching (E2EM) model [29,30,32–
35] to evaluate the potency of Al3Zr; and (iii) verification of
the crystallographic matching using both electron back-
scatter diffraction (EBSD) and transmission electron
microscopy (TEM). Then the mechanism of grain refine-
ment of Al by Zr is discussed in terms of the nucleant
potency, solute contribution, and size and distribution of
the active Al3Zr particles. Although the addition of Zr over
the maximum solubility may adversely affect the mechani-
cal properties of Al alloys, the present work is purely a the-
oretical study aiming to understand the mechanism of
grain refinement in cast Al.

In the past decade, it has been demonstrated that the
E2EM model is a powerful tool in understanding grain
refining efficiency through calculation of crystallographic
matching between inoculants and metal matrix. This model
was originally developed by Zhang and Kelly [32–35] to

predict the orientation relationships (ORs) and habit plane
between adjacent phases arising from phase transforma-
tions in solids. Since the crystallographic characteristics
between the nucleation substrate and metal matrix also
play an important role in grain refinement, the E2EM
model has been extended to the study of grain refinement
and achieved great success in elucidating the mechanisms
of grain refinement [29,30] and poisoning phenomena
[36,37], evaluating the potency of current grain refiners
[29,30,38] and discovering new and effective ones [26,27]
in both Al and Mg alloys. The critical assumption of the
E2EM model is that the crystallographic features between
any two phases are governed by the minimization of inter-
facial energy, which corresponds to the maximum match-
ing of parallel atomic rows across the interface between
phases. In general, the matching rows should be close-
packed (cp) or nearly cp atom rows with small interatomic
spacing misfit (fr) to maximize the atomic matching along
the parallel rows. The matching rows can be either straight
or zigzag, but the model requires that straight rows match
with straight rows while zigzag rows match with zigzag
rows. Such rows are termed matching directions. In addi-
tion, the pair of matching directions should also be con-
tained in a pair of cp or nearly cp planes which have a
small interplanar spacing misfit (fd). Such planes are
termed matching planes. If the values of fr and fd are suffi-
ciently small (e.g. fr and fd both <10%) in a given system,
an energetically favourable OR can be predicted and
expressed in terms of the parallelism of the matching rows
and near parallelism of the matching planes. The angular
deviation between the matching planes and the orientation
of the interface plane can be further determined by using
the Dg parallelism criterion [39,40]. Following the prece-
dent success, the present work will use the E2EM model
to evaluate the crystallographic matching and then the
potency of Al3Zr in Al. The predications will then be veri-
fied by EBSD and TEM.

In addition to the crystallographic matching between
the nucleant particles and matrix metal, the size of the
nucleant particles also plays a crucial role in grain refine-
ment, as can be well described using the free growth the-
ory/model proposed by Greer and his co-workers [41–44].
The theory proposes that the onset of free growth of a
nucleus on a nucleant particle is the controlling factor in
grain initiation, and the critical undercooling for free
growth to be reached is related to the nucleant particle size
by the following equation:

DT fg ¼
4r

DSVd
ð1Þ

where r is the solid–liquid interfacial energy, DSV is the entro-
py of fusion per unit volume and d is the characteristic size of
the active nucleant particle, which is the disc diameter of a
TiB2 particle in their case studies [41–44]. Based on the free
growth theory, considerable success has been achieved in pre-
dicting the grain size of Al alloys inoculated with commercial
grain refiners and in understanding the mechanism that limits
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