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Abstract: The present research uses in-situ neutron diffraction to examine the effect of grain refine-
ment on grain growth during solidification of Al-5 wt.% Cu and Mg-5 wt.% Zn alloys. The alloys
were grain refined through additions of Al-5Ti-1B and Zr, respectively. The in-situ neutron diffraction
experiments were carried out by heating the alloys to temperatures above the liquidus and subse-
quently cooling in 5 or 10 ◦C temperature steps to temperatures below solidus, while being irradiated
by thermal neutrons. With the addition of grain refiners, grain size reductions of 92% were observed
for both the Al-5 wt.% Cu and Mg-5 wt.% Zn alloys. The refined and unrefined Al-5 wt.% Cu alloys
contained α-Al with Al2Cu along the grain boundary regions. Differences in Al2Cu morphology were
observed in the grain refined alloys. The Mg-5 wt.% Zn alloy contained MgZn intermetallic phases
with primary Mg. The refined Mg-5 wt.% Zn-0.7 wt.% Zr alloy contained Mg, MgZn and Zn2Zr
phases. In-situ neutron diffraction enabled quantification of individual plane solid fraction growth
for the α-Al and Al2Cu phases in the Al-Cu alloys, and for α-Mg in the Mg alloys. For the unrefined
Al-5 wt.% Cu, the coarse microstructure resulted in a rapid solid fraction rise at temperatures just
below liquidus followed by a gradual increase in solid fraction until the sample was fully solid. The
grain-refined Al-5 wt.% Cu alloys showed a columnar to equiaxed microstructure transition and a
more gradual growth in fraction solid throughout solidification. For the Mg-5 wt.% Zn alloy, the
more packed (0002) and

(
1011

)
α-Mg plane intensities grew at a slower rate than the

(
1010

)
plane

intensity, resulting in an irregular grain structure. With the addition of the Zr grain refiner, the Mg-5
wt.% Zn-0.7 wt.% Zr alloy had

(
1010

)
, (0002) and

(
1011

)
planes intensities all increasing at similar

rates, especially at the early stages of solidification. FactSage™ (version 6.4, Montréal, QC, Canada)
equilibrium solidification models followed the fraction solid curves developed by tracking the fastest
growing planes of the Mg alloys.

Keywords: aluminum alloy; grain refinement; in-situ; magnesium alloy; neutron diffraction; solidification

1. Introduction

An improvement in the strength and ductility of aluminum (Al) and magnesium
(Mg) alloys is required for their consideration as weight saving transportation materials
for wheels, suspensions, battery trays and motor casings. Some of these components are
difficult to produce by means other than permanent mold casting or sand casting where a
fine cast grain structure cannot be readily achieved due to relatively low cooling rates [1].
The use of grain refiners is therefore essential to achieve this goal.

Grain refinement improves mechanical properties [2], enables uniform distribution
of solute and secondary phases [3], decreases solution heat treatment times [4], increases
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pressure tightness [5] and increases feeding while reducing segregation, porosity and
hot tearing [4–7]. On a processing level, grain refinement provides consistent mechan-
ical properties after heat treatment, improved machinability [5] and formability [8] by
weakening texture [9]. Unlike solid solution strengthening, precipitation hardening and
work hardening, grain refinement imparts improvements in strength without hindering
ductility [10,11].

1.1. Grain Refinement of Al Alloys Using Al-Ti-B Refiners

The grain refinement of Al alloys has been a curiosity for researchers since the
1940s [12] due to both scientific interest in the underlying mechanisms and the signifi-
cant practical benefits grain refinement imparts on castings. The grain refining mechanism
for Al using Al-Ti-B based refiners has been recently attributed to the formation of a layer of
TiAl3 on TiB2 particles [13,14], which aids in the potency for nucleating α-Al. A monolayer
of (112) TiAl3 on the (0001) plane of TiB2 was found to have a lattice misfit with an α-Al of
0.09%, significantly lower than the 4.22% of TiB2 alone [13]. This results in an undercooling
of only 0.3 K when the size of the nucleant particles is 2 µm [15,16]. The size distribution of
such nucleating particles is important for achieving effective grain refinement. Effective
nucleant sizes are typically 1–5 µm [17–19], and with such sizes, achieving a sufficient
number of nucleants for grain refinement is possible, since only 1% of added nucleants
are generally active [20,21]. In addition, Al alloys require sufficient solute to achieve fine,
equiaxed grain structures. The presence of many potent nucleants with low solute results
only in fine, columnar structures, while, on the contrary, sufficient solute with only a few
nucleants results in coarse, equiaxed structures [13]. Sufficient solute can be achieved by
added Ti due to its high solute restricting effect in Al [19,21]. In terms of relative contribu-
tion to grain refinement, doubling the amount of solute has a much greater refining effect
than doubling the number of potent nucleants in a system with sufficient nucleants [21].
The solute effect is also sufficient to maintain equiaxed structures even in still, low thermal
gradient melts that have appreciable solid and liquid phase density differences such as
Al-Cu alloys [22].

1.2. Grain Refinement of Al Free, Mg Alloys Using Zr

The extraordinary grain refining effect of Zr was discovered in the late 1930’s [23,24]
and observed for Mg alloys free of Al [1,18,25–40]. The refinement mechanism of Zr is
due to Zr solute and appropriately sized insoluble Zr particles [1,32–34]. The soluble Zr
accounts for 70% of the grain refinement contribution [32] with its growth restriction factor
(Q) being 38.29 K/wt.% [6,28,40]. The growth restriction factor for any solute in any alloy
is calculated using Equation (1), where m is the liquidus line slope in ◦C/wt.% on the
equilibrium binary phase diagram, Co is the solute concentration in wt.% and k is the
equilibrium distribution coefficient calculated as the ratio of solute in the solid divided by
the solute in the liquid [40].

Q = mCo[k − 1] (1)

The insoluble Zr acts as a nucleant [35] on the Mg basal (0002) or prismatic
(
1010

)
planes [41], with the planar disregistry between Zr and Mg being 0.5% [39]. Active Zr
nucleants were typically 1–5 µm. The undercooling with a 1 µm sized Zr particle for
nucleation to start and continue is only 0.15–0.58 K. The most active nucleants are ~2 µm
in size, while particles > 5 µm were ineffective and < 1 µm particles had poor refining
efficiencies [31,42]. Zirconium rich cores (<15 µm) are usually observed from a peritectic
reaction [40] at 653.56 ◦C with 0.45 wt.% Zr [39]. The cores are nearly pure Zr and are
typically circular or elliptical and found within grains or at grain boundaries [35]. Im-
provements in Zr grain refinement can be made by introducing more appropriately sized
Zr particles that are able to act as potent nucleants [38] and increased understanding of
Zr cores [43] to maximize Zr recovery and reduce refining costs. The addition of Zr at
temperatures between 680 to 780 ◦C also has a negligible influence on Zr recovery [33].
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The addition of Zr to Mg alloys containing Al, Mn, Si, Fe, Ni, Co, Sn and Sb forms
stable intermetallics [1,26,40,44] with Zr, which are ineffective in grain refining. Increasing
the Zn addition improves Zr solubility up to concentrations of ~4 wt.%, beyond which Zn-
Zr intermetallics form [27]. The grain structure will be columnar if a sufficient temperature
gradient exists and few nucleation events are present [42]; the addition of 0.22 wt.% Zr to a
Mg-Zn based alloy demonstrated sufficient solute for providing a columnar to equiaxed
grain transition [37].

Zirconium is nearly the perfect grain refiner because of its good lattice matching and
high growth restriction [38], and it is the most powerful grain refining agent for Mg alloys
in commercial use [45]. However, the exceptional refining effect of Zr has never been
documented using in-situ neutron diffraction.

1.3. Neutron Diffraction as a Tool for Materials Characterisation

Neutron diffraction is a powerful technique for characterising materials [46], as neu-
trons are electrically neutral and are only scattered by atomic nuclei, giving them high
penetration depths, unlike X-rays and electrons that are scattered by electron clouds. The
literature on in-situ neutron diffraction for solidification analysis was recently reviewed
by [47]. Studies examining the early stages of solidification showed that TiB2 addition
increased the nucleation rate of Al by an order of magnitude for Al alloys as compared to a
pure Al sample [48,49]. In-situ neutron diffraction has also been utilized to quantify the
growth of primary Si and Al independently in an Al-19 wt.% Si alloy [50,51] as well as to
detect Al2Cu in Al-Cu alloys for hot tearing studies [52–54]. In-situ solidification studies of
Al alloys using X-rays have been very useful because of their high resolution but are limited
to the investigation of localized areas with attendant difficulties in producing sufficient
elemental contrast in Al-Si based systems [55]. More recent in-situ neutron diffraction
research on Al alloys has examined the 319 alloy system [56], Si modification with Sr [57,58]
and crystallographic parameters [59].

Previous literature on Mg alloys using in-situ neutron diffraction has focused on defor-
mation studies [60–66] or the solidification of Mg-6 and 9 wt.% Al [67,68], AZ91D [69] and
Mg-Zn alloys [70,71]. The existing literature helped determine the appropriate procedures
and conditions required for effective in-situ neutron diffraction analysis.

1.4. Present Study

The present study is an attempt to examine grain refinement of Al-Cu and Mg-Zn
alloys utilizing neutron diffraction, as it may offer new perspectives in the understanding
of nucleation and growth. This research is not an attempt to further demonstrate the
already well documented refining potential of Al-5Ti-1B and Zr additions to Al and Mg
alloys, respectively, but to characterise grain refinement using in-situ neutron diffraction.
The in-situ neutron diffraction results will also be compared to FactSage™ (version 6.4,
Montréal, QC, Canada) simulations.

2. Materials and Methods
2.1. Casting of Al-Cu and Mg-Zn Alloys

The Al-5 wt.% Cu (denoted Al-Cu), Al-Cu-0.02 wt.% Ti (denoted Al-Cu-02Ti) and
Al-Cu + 0.05 wt.% Ti (denoted Al-Cu-05Ti) alloys were prepared using virgin ingots of
commercial purity Al, and additions of Cu were made using an Al-20 wt.% Cu master
alloy. Additions of Ti for grain refinement were carried out via an Al-5 wt.% Ti-1 wt.% B
master alloy. The added B using the Al-5 wt.% Ti-1 wt.% B master alloy to the Al-Cu-02Ti
alloy was 0.004 wt.% B; it was 0.01 wt.% B for the Al-Cu-05Ti alloy. In the case of the Mg
alloys, the target Mg-5 wt.% Zn (denoted Mg-Zn) and Mg-5 wt.% Zn-0.7 wt.% Zr (denoted
Mg-Zn-Zr) alloys were prepared using virgin ingots of commercial purity Mg (99.8 wt.%)
and Zn (99.9 wt.%). Additions of Zr were made using a Mg-30 wt.% Zr master alloy. A
zirconium addition level of 0.7 wt.% was used, as it falls into the range utilized in previous
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studies is beyond the peritectic concentration of 0.45 wt.% and is similar to commercial
ZK60 alloy.

Al-Cu samples were prepared by first melting the Al and Al-Cu master alloy in a SiC
crucible at 760 ◦C. The alloy was degassed at 760 ◦C using 0.25 wt.% sodium fluorosilicate.
In the case of the Ti-refined alloys, the Al-Ti-B master alloy was added to the melt at 760 ◦C
prior to degassing. For the Mg-Zn alloys, the required amounts of alloy elements were
melted in a low carbon steel crucible at 750 ◦C.

The melts for both alloys were then held for five minutes before being mechanically
stirred for 60 s at 200 RPM using a hand drill. Finally, the melts were skimmed and poured
at 720 ◦C into rod-shaped steel moulds preheated to 300 ◦C. The Mg-Zn alloy was protected
under a cover gas of CO2 + 0.5 vol.% SF6 during melting and pouring. The compositions of
the prepared alloys were verified using average values of three scans on an optical emission
spectrometer. The compositions of the alloys are shown in Table 1.

Table 1. Compositions of prepared Al-Cu and Mg-Zn alloys (wt.%).

Alloy Al Cu Fe Si Ti

Al-Cu Bal. 5.2 0.09 0.06 0.007
Al-Cu-02Ti Bal. 5.2 0.13 0.08 0.02
Al-Cu-05Ti Bal. 5.2 0.11 0.10 0.05

Mg Zn Al Mn Zr

Mg-Zn Bal. 5.7 0.15 0.01 0
Mg-Zn-Zr Bal. 6.1 0.15 0.01 0.5

2.2. In-Situ Neutron Diffraction

The procedures with accompanying figures for the in-situ neutron diffraction experi-
ments are described in detail in previous publications [56,58,68]. For the current research,
the sample sizes were 10 mm in diameter and 40 mm in length and were placed in a graphite
crucible with a wall thickness of 1 mm. The in-situ neutron diffraction experiments were
performed using the C2 powder diffractometer at the Canadian Neutron Beam Centre in
Chalk River, Ontario, Canada. Monochromatic thermal neutrons with a wavelength of
2.37 Å were collected for diffraction angles (2θ) ranging from 30 to 110◦. A Si single crystal
with (311) reflection was used as a monochromator.

The Al-Cu and Mg-Zn alloys were heated to 660 ◦C and cooled to 440 ◦C or 200 ◦C in
temperature steps while being subjected to neutron diffraction for 60 min at each tempera-
ture step. Cooling between temperature steps took ~10 min, with each temperature step
being 5 or 10 ◦C. This gives an effective cooling rate between temperature steps of about
0.5–1 ◦C/min.

The alloys were protected from oxidation using an Ar cover gas maintained at a
positive pressure of 3.5–7 kPa within the furnace chamber. During the neutron diffraction
experiments, the entire furnace assembly was oscillated over a 36◦ range, and a vibratory
motor connected to the crucible holder was used to agitate the sample. The oscillation
and agitation prevented solute settling and reduced variations in lower intensity planes at
different temperatures, as was observed in a previous study [71].

The neutron gauge volume was the entire cylindrical (diameter: 10 mm and length:
40 mm) volume. To remove background contributions from the experimental apparatus
(thermocouple, furnace walls and crucible) to the diffraction plot, an empty crucible was
also examined at the same temperatures and time durations to represent the background.
FactSage™ software was used for comparative equilibrium solidification simulations.

2.3. Microstructure Characterisation

The Al-Cu and Mg-Zn alloys were sectioned, ground and polished to carry out optical
microscopy (OM) and scanning electron microscopy (SEM) characterisation. Final polishing
was conducted using 0.05 µm colloidal silica. The Al-Cu samples were then etched by
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immersion in a solution of Keller’s reagent for 30 s. Following immersion, they were rinsed
with both ethanol and distilled water. The Mg-Zn alloys were etched in a solution of 10 mL
ethanol, 10 mL acetic acid, 70 mL distilled water and 6 g of picric acid for 15 s followed by
ethanol and water rinses. Grain size measurements were finally carried out on both alloys
using the linear intercept method over a minimum of 50 grains.

3. Results
3.1. Microstructure of Al-Cu and Mg-Zn Alloys with Grain Refinement

Figure 1 contains OM of the unrefined Al-Cu and Mg-Zn alloys before in-situ neutron
diffraction. The unrefined Al-Cu alloy shows a characteristic dendritic structure. The
unrefined Mg-Zn alloy, while coarser than the Al-Cu alloy, has an irregular shaped grain
structure that does not show dendritic features as pronouncedly as the one seen for the
Al-Cu alloy.
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Figure 1. Grain structures of unrefined (a) Al-Cu and (b) Mg-Zn prior to in-situ neutron diffraction
experiments.

Figure 2 has OM of the Al-Cu and Mg-Zn alloys with and without grain refinement
after in-situ neutron diffraction. The corresponding grain size measurements for both
alloys are listed in Table 2. The Al-Cu alloys (Figure 2a–c) demonstrate the transformation
from a coarse columnar grain structure for the Al-Cu sample to a more refined spongy
microstructure for the Al-Cu-02Ti sample and finally to a more equiaxed globular grain
structure for the Al-Cu-05Ti sample. A 68% and 92% reduction in grain size was measured
for the Al-Cu-02Ti and Al-Cu-05Ti samples, respectively.

The Mg-Zn alloy (Figure 2d,e) had a coarse irregular grain structure, as observed
along many areas along the sample length, that was refined by 92% with the addition of Zr.
The addition of Zr also changed the grain morphology from a coarse irregular shape to an
equiaxed structure, similar to the observations of Qian and Das [37].

Scanning electron micrographs of the Al-Cu and Mg-Zn alloys following in-situ neu-
tron diffraction are shown in Figure 3. The SEM micrograph for the Al-Cu sample (Figure 3a)
depicts coarse primary Al with intermetallic Al2Cu distributed along the interdendritic
regions. In the case of the Al-Cu-05Ti sample (Figure 3b), equiaxed primary Al grains are
visible, thereby confirming the transformation in grain structure, with Al2Cu distributed
along grain boundary regions. Here, both a blocky and eutectic morphology of Al2Cu is
visible, while only blocky Al2Cu was visible in the Al-Cu alloy. A similar result to that
for Al-Cu-05Ti was observed for the Al-Cu-02Ti sample; hence it is not depicted here. The
reader is referred to the publication by D’Elia et al. [53] for EDX spot analysis of the phases
in the Al-Cu alloys.
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Table 2. Grain sizes of unrefined and refined Al-Cu and Mg-Zn alloys.

Alloy Grain Size (µm) % Reduction

Al-Cu (unrefined) 1154 ± 238 -

Al-Cu-02Ti (refined) 366 ± 61 68

Al-Cu-05Ti (refined) 94 ± 14 92

Mg-Zn (unrefined) 1272 ± 227 -

Mg-Zn-Zr (refined) 104 ± 22 92
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Figure 2. Grain structures of (a) Al-Cu, (b) Al-Cu-02Ti, (c) Al-Cu-05Ti, (d) Mg-Zn and (e) Mg-Zn-Zr
after in-situ neutron diffraction experiments.

Figure 3c shows the Mg-Zn alloy with α-Mg matrix and a Mg-Zn based intermetallic
phase. The Mg-Zn-Zr alloy contained Zn-Zr and Mg-Zn intermetallic phases typically
at the grain boundaries and Zr rich particles within the centre of grains, as shown in
Figure 3d. Zirconium addition provided heterogeneous nucleation sites and grain growth
restriction [1,32–34]. Both phenomena were observed within the microstructures shown in
Figure 3d. Excess undissolved Zr reacted with Zn to form Zn-Zr intermetallic particles, as
observed by Hildebrand et al. [27]. Elemental spot analysis over ten particles indicated that
the Mg-Zn phase corresponded to MgZn, while the Zn-Zr phase composition corresponded
to Zn2Zr.



Metals 2022, 12, 793 7 of 21

Metals 2022, 12, x FOR PEER REVIEW 7 of 22 
 

 

Figure 3c shows the Mg-Zn alloy with α-Mg matrix and a Mg-Zn based intermetallic phase. The Mg-Zn-Zr alloy con-
tained Zn-Zr and Mg-Zn intermetallic phases typically at the grain boundaries and Zr rich particles within the centre 
of grains, as shown in Figure 3d. Zirconium addition provided heterogeneous nucleation sites and grain growth re-

striction [1,32–34]. Both phenomena were observed within the microstructures shown in Figure 3d. Excess undis-
solved Zr reacted with Zn to form Zn-Zr intermetallic particles, as observed by Hildebrand et al. [27]. Elemental spot 

analysis over ten particles indicated that the Mg-Zn phase corresponded to MgZn, while the Zn-Zr phase composition  

corresponded to Zn2Zr. 

 
Figure 3. SEM images of (a) Al-Cu, (b) Al-Cu-05Ti, (c) Mg-Zn and (d) Mg-Zn-Zr alloys after in-situ 
neutron diffraction experiments. 

3.2. In-Situ Neutron Diffraction of Al-Cu and Mg-Zn Alloys 

Figure 3. SEM images of (a) Al-Cu, (b) Al-Cu-05Ti, (c) Mg-Zn and (d) Mg-Zn-Zr alloys after in-situ
neutron diffraction experiments.

3.2. In-Situ Neutron Diffraction of Al-Cu and Mg-Zn Alloys

The in-situ neutron diffraction plots of the Al-Cu and Mg-Zn alloys at different temper-
atures are shown in Figure 4 with some temperature isotherms removed for clarity. Similar
plots were observed for the Al-Cu-Ti and Mg-Zn-Zr alloy except with varying peak intensi-
ties between temperatures. Each plane was indexed using Equation (2) [59], with λ, d, and θ

representing the neutron wavelength (2.37 Å), interplanar spacing and half angle of diffrac-
tion, respectively. The interplanar spacing was determined using Equation (3) [59] for FCC
Al and Equation (4) [59] for HCP Mg with pure Al lattice parameters of a = 0.405 nm [72]
and pure Mg lattice parameters of a = 0.320 nm and c = 0.520 nm [26].

nλ = 2dsinθ (2)
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d2 =
a2

h2 + k2 + l2 (3)

1
d2 =

4
3

(
h2 + hk + k2

a2

)
+

l2

c2 (4)
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For both the Al-Cu and Mg-Zn alloys in Figure 4, the Al and Mg peak areas increase
rapidly to a near maximum at the first few temperature steps and then fluctuate in intensity
with decreasing temperature. In a previous study by the current authors examining a similar
Mg-Zn alloy [70,71] with and without Zr, it was reasoned that the large grains within the
melt could influence the diffraction intensity. At one temperature step, a grain could be
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highly favourable for diffraction, while at a lower temperature step it can translate/rotate
to a position that is less favourable for diffraction despite the grain having grown larger
because of the lower temperature [70,71]. Irregular grain sized Al-Cu (Figure 2a) and Mg-Zn
(Figure 2d) alloys were more susceptible to in-situ neutron diffraction intensity variations
due to the incident beam diffracting from a smaller number of grain orientations, as a result
of the fewer, larger grains present. This is in contrast to the fine structured, equiaxed Al-
Cu-05Ti (Figure 2c) and Mg-Zn-Zr alloys (Figure 2e) that provided a much higher number
of grains for diffraction, thereby resulting in sharp peaks with higher intensity.

In addition to the primary Al or Mg phases, efforts were made for in-situ neutron
diffraction experiments to detect the additional phases observed in the SEM micrographs
(Figure 3). For the Al-Cu alloys, detection of Al2Cu was possible, while MgZn, MgZn2,
and ZnZr2 phases in the Mg alloys were not detected reliably, given their low weight
fractions, and so they will not be discussed further. In addition, a better understanding of
the diffraction intensity variation during solidification can be gained by closely examining
individual peaks of the unrefined and refined Al and Mg alloys.

A magnified view of the diffraction plot for the (111) plane from the Al-Cu alloy is
shown in Figure 5a. Similar plots were obtained for the (200) and (220) planes, as well
as for the Al-Cu-Ti alloys. At 650 ◦C, the Al-Cu alloy was completely molten, and all the
neutrons were undergoing inelastic scattering with the liquid alloy spread evenly across
all angles, since there were no solid planes for diffraction. This isotherm is labelled as
“All Liquid” in Figure 5a. Under equilibrium conditions, the Al-Cu alloy has liquidus
and solidus temperatures of ~646 ◦C and ~548 ◦C, respectively, with the Al2Cu phase
formation temperature at 548 ◦C [73]. In Figure 5a, at 640 ◦C, the first solid α-Al forms
resulting in a broad peak centred near 60◦ as shown by the labelled isotherm “First Solid”
(Figure 5a). As solidification progressed, the peak intensity continuously increased as more
solid was contributing to elastic scattering, while the areas around the peak, representing
the background, continuously decreased, as less liquid was available for inelastic scattering.
The peak centre also shifted to higher diffraction angles with decreasing temperature due
to the thermal contraction of Al and change in composition similar to observations in
previous investigations utilizing in-situ neutron diffraction [51,68,70]. Figure 5b shows
the diffraction plot for Al2Cu with labels of “All Liquid” and “First Solid”. The first solid
Al2Cu appears at 540 ◦C and is centred near 75.5◦.

A magnified view of the diffraction plot for the
(
1010

)
plane from the Mg-Zn-Zr alloy

is shown in Figure 6. Similar plots were obtained from the (0002) and
(
1011

)
planes for

both the Mg-Zn and Mg-Zn-Zr alloys. Similar to the Al-Cu alloy in Figure 5a, at 660 ◦C the
Mg-Zn-Zr alloy was completely molten and undergoing inelastic scattering with the liquid
metal evenly across all angles. Under equilibrium conditions, the Mg-Zn alloy has liquidus
and solidus temperatures of ~635 and ~400 ◦C, respectively [74], and the Mg-Zn-Zr alloy is
expected to have a similar solidus point but with a higher liquidus because of the peritectic
reaction [40] at 653.56 ◦C with 0.45 wt.% Zr [29]. At 635 ◦C, the first detected solid α-Mg
formed, resulting in a broad peak centred at 49.8◦. Similar to the Al alloy in Figure 5a, as
solidification progressed, the peak intensity continually increased, while the areas around
the peak representing the background continually decreased.

By tracking the growing areas of the diffraction peaks at each temperature step, a
fraction solid plot for each plane of each phase in the Al and Mg alloys versus temperature
can be produced. It can be noted in Figure 5a that below the equilibrium solidus tempera-
ture of ~548 ◦C, the peak area continually increased in size with decreasing temperature.
This same effect was observed for the Mg alloy in Figure 6. At elevated temperatures,
increased atomic motion gave a reduction in peak area for all peaks and more so for peaks
at higher diffraction angles [59]. Therefore, even after solidification is complete, the peak
areas continued to grow with decreasing temperature. When determining fraction solid,
this thermal agitation effect was accounted for and will be described in further detail in the
next section.
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3.3. Fraction Solid Determination Using In-Situ Neutron Diffraction

The areas under the diffraction peaks for the Al and Mg alloys were determined
using the trapezoidal rule for each measured diffraction angle to calculate the fraction
solid. By subtracting the background at each selected temperature, a ratio between the
diffraction area was normalized using limits between the alloy being fully liquid (liquidus)
and fully solid (solidus), with every intermediate temperature between these two extremes
representing the Al and Mg alloy undergoing solidification. The background consists of
both the contribution from the liquid and the diffraction set-up. When the alloy was fully
solid, no liquid was available for inelastic scattering and the background neutron count
dropped significantly, as shown in Figures 5 and 6. Reference values of 548 ◦C [73] and
400 ◦C [74] were utilized for the equilibrium α-Al (for Al-5 wt.% Cu) and α-Mg (for Mg-5
wt.% Zn) solidus temperatures, respectively. The equilibrium solidus temperatures were
considered to be appropriate due to the very slow cooling that the samples underwent.
The fraction solid of the remaining temperatures were determined by calculating the ratio
of their diffraction peak areas to that of the solidus temperature peak area. These steps of
calculating the peak area and iterating were conducted for each plane and phase examined
in the Al-Cu and Al-Cu-Ti alloys (for (111), (200) and (220) of the α-Al phase and (310) and
(110) for the Al2Cu phase, as well as the Mg-Zn and Mg-Zn-Zr alloys (for

(
1010

)
, (0002)

and
(
1011

)
, planes of α-Mg).

Any temperatures above the liquidus point would contain no peak and represent a
zero fraction of solid. Once solidification was complete, the sample was still at an elevated
temperature, and thermal agitation of the sample was present. This thermal agitation
shifted the diffraction peaks and gave a reduction in peak intensity [59]. Therefore, the
neutron diffraction peak area of a solid material would continually increase with the
decreasing temperature without any further liquid-to-solid phase change taking place.
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To account for this thermal agitation and correct the diffraction data, the change in
diffraction area at temperatures below the solidus temperature was used as a baseline and
extrapolated to the liquidus point in an iterative manner. The adjusted fraction solid curves
for the Al-Cu and Al-Cu-Ti alloys are shown in Figure 7. In the case of the Al-Cu alloy,
α-Al fraction solid development was detected for the (111), (200) and (220) planes, while
Al2Cu was detected for both the (310) and (110) planes. For the Al-Cu-Ti alloys, however,
measurements were unsuccessful at detecting all three planes for α-Al, and only the (310)
plane was detected for the Al2Cu phase. The adjusted fraction solid curves for the

(
1010

)
,

(0002) and
(
1011

)
planes of α-Mg from the Mg-Zn and Mg-Zn-Zr alloys are in Figure 8.

Fraction solid versus temperature FactSage™ equilibrium solidification simulations for the
primary phases in the Al and Mg alloys are also included in Figures 7 and 8, respectively.
The error associated with the calculated fraction solid curves in Figures 7 and 8 was
determined by examining the variation in background intensity at each temperature step
and were typically 12% using a t-student test with a 95% confidence level. The background
error and fluctuation in peak area due to temperature were the causes of some fraction
solid curves fluctuating above and below 100% after solidus was reached. However, it
is expected that additional sampling at and below the solidus temperature will better
characterise the influence of elevated temperature on the diffraction intensities of the alloys
and will ultimately aid in minimizing fluctuations in the fraction solid curves.

The growth of α-Al and Al2Cu for the Al-Cu alloy is depicted in Figure 7a for tem-
peratures between 660 ◦C and 250 ◦C and 580 ◦C and 250 ◦C, respectively. Overall, only
minor differences in growth profiles were observed for α-Al and Al2Cu using the diffrac-
tion peak areas along the various crystallographic planes. The α-Al was found to first
nucleate at 650 ◦C along the (220) plane and at 640 ◦C along both the (111) and (200) planes.
It is difficult to obtain the exact solidus temperature of the Al-Cu alloy, as the neutron
diffraction measurements were carried out in 5 or 10 ◦C increments of temperature over
the solidification range. Nevertheless, the range of 640–650 ◦C agrees with the known
solidus temperature of 646 ◦C for this alloy. As the temperature decreased, the α-Al evolved
steadily, and most rapidly along the (220) plane, reaching a fraction solid of about 80% at
600 ◦C along the (220) plane, and at 590 ◦C along the (200) and (111) planes. Beyond these
temperatures, the growth in α-Al dendrites was more gradual and finally reached 100%
solid at 550 ◦C as observed along the peak area of the (220) plane. In contrast, 100% fraction
solid was measured at 540 ◦C along the peak areas of the (111) and (200) crystallographic
planes, indicating an increase in peak area growth rate along these planes over the last
20% of the remaining fraction solid. In the case of Al2Cu intermetallic, low amounts were
first detected at 570 ◦C along the peak area of the (310) plane and at 550 ◦C along the (110)
crystallographic plane. Similar growth profiles were observed along the two planes until
the final measured temperature of 250 ◦C, with only a slight increase in growth rate seen
beyond 400 ◦C along the (110) plane.

The phase evolution of α-Al could not be detected along the peak area of the (220)
plane for both the Al-Cu-02Ti and Al-Cu-05Ti alloys. In addition, the (200) plane was also
undetectable for the Al-Cu-02Ti alloy. The final temperature of analysis was 420 ◦C for
the Ti-containing alloys, due to restrictions in beam time. Primary α-Al growth in the
Al-Cu-02Ti (Figure 7b) and Al-Cu-05Ti (Figure 7c) was significantly more gradual with
respect to that in the Al-Cu alloy. The first evidence of α-Al solid solution nucleation (>1%)
was measured at 650 ◦C along the peak area of the (220) plane, while along the (111) plane,
the first detection of α-Al was at 640 ◦C for both alloys. The α-Al in the Al-Cu-05Ti alloy
then continued to evolve to ~40% at 620 ◦C, where it then became almost stagnant along
the peak area of the (111) plane until 590 ◦C, and until 610 ◦C along the (200) plane. In the
case of the Al-Cu-02Ti alloy, the α-Al increased more rapidly between the temperatures of
630 ◦C and 610 ◦C. At this point, the growth of α-Al became stagnant for this alloy as well
until 580 ◦C. The reason for these stagnant growth regions in both alloys is not completely
understood but may be attributed to the onset of dendrite (or grain) coherency. Once the
α-Al grains began to impinge on one another, the growth likely stalled. However, further
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investigations are necessary to confirm this hypothesis. Following the region of stagnancy,
the α-Al grains in both refined alloys continued to grow quasi linearly to 100% solid at
540 ◦C. In the case of Al2Cu, similar growth profiles were observed along the peak area of
the (310) crystallographic plane for both Ti-containing alloys. The intermetallic was first
detected at 550 ◦C in both alloys and then developed steadily until the final measured
temperature at 420 ◦C. Upon precipitation of Al2Cu along the (310) plane, the α-Al in both
refined alloys was <90% solid, as demonstrated in Figure 7b,c. This was not the case for the
Al-Cu alloy, as once precipitation of Al2Cu along the peak area of the (310) plane initiated,
the α-Al was nearly completely developed (Figure 7a).
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For the Mg-Zn alloy in Figure 8a, the more packed (0002) and
(
1011

)
α-Mg planes

peak areas grew at a slower rate than the
(
1010

)
plane. The FactSage™ model representing

equilibrium solidification for the Mg-Zn alloy tended to follow the most rapidly growing
peak area

(
1010

)
plane in Figure 8a. Additionally, the solidification of the sample closely

matched the FactSage™ models. It can also be observed that the
(
1011

)
plane had the

largest fluctuations in its fraction solid curve and went beyond 100% at 500 ◦C. For the
Mg-Zn alloy at 635 ◦C, the

(
1010

)
, (0002) and

(
1011

)
α-Mg planes had fraction solids

of 17, 5 and 3%, respectively. This wide range in fraction solids at such an early stage
of solidification indicated that the Mg-Zn grains were undergoing a very asymmetrical
growth, resulting in the coarse, irregular grain structure shown in Figure 2d.

For the Mg-Zn-Zr alloy in Figure 8b, the addition of Zr promoted nucleation on the(
1010

)
and (0002) planes [41], while Zr growth restriction regulated grain growth. The

growth of the peak areas of the Mg-Zn-Zr
(
1010

)
, (0002) and

(
1011

)
planes in Figure 8b

at 635 ◦C shows that the planes had nearly identical fraction solids of 15%, 12% and 14%,
respectively. The growth of the peak area of the

(
1011

)
and

(
1010

)
planes closely matched

the equilibrium solidification model from FactSage™ (Figure 8b). This uniform growth
of the

(
1010

)
, (0002) and

(
1011

)
planes resulted in the fine equiaxed grain structure, as

shown in Figure 2e.

4. Discussion on Solidification of Al and Mg Alloys
4.1. Solidification of Al-Cu and Al-Cu-Ti Alloys

Addition of Ti-B master alloy to the Al-Cu alloy had a distinct influence on grain
structure, as depicted in Figure 2. The coarse-grained Al-Cu alloy was transformed into
a more globular and equiaxed grain morphology with increased additions of Ti. The
variation observed in the development of an α-Al solid solution for the unrefined Al-Cu
and refined Al-Cu-02Ti and Al-Cu-05Ti alloys was directly attributed to their differences
in alloy grain morphology. The coarse dendrites present in the unrefined Al-Cu alloy
likely nucleated during solidification along the cooler mold walls before propagating
rapidly towards the warmer centre of the casting. Such rapid growth of the dendrites
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correlates with the development of an α-Al solid solution illustrated in Figure 7a. In the
case of the refined alloys, however, it was not required for nucleation to originate from the
mold wall, as Ti-based nucleating particles were added to the melt via the Al-Ti-B master
alloy. These nucleating particles subsequently promoted heterogeneous nucleation, which
thereby enabled uniform grain growth, resulting in equiaxed grain morphologies. This is
confirmed by the quasi-linear development of an α-Al solid solution in Figure 7b,c, for the
Al-Cu-02Ti and Al-Cu-05Ti alloys, respectively. The slight differences observed between the
two refined alloys could also be attributed to their respective grain size and morphology.
The larger and less globular grain structure of the Al-Cu-02Ti alloy were likely the result of
a faster initial growth of the α-Al due to the presence of fewer nucleating particles.

The in-situ phase evolution of Al2Cu intermetallic was also influenced by alloy grain
structure. In the unrefined Al-Cu alloy, the nucleation of Al2Cu (along the (310) plane)
did not commence until a nearly 100% solid α-Al was formed, as shown in Figure 7a.
Thus, a continuous rigid network of α-Al dendrites was fully developed in the unrefined
alloy, thereby limiting the Al2Cu to small interdendritic regions. Further, this likely had an
impact on the morphology of Al2Cu. The intermetallic Al2Cu phase is usually present as
two different morphologies: blocky and eutectic [75]. The blocky morphology is a result
of solid-state precipitation, while the eutectic morphology precipitates via the eutectic
reaction. In the case of the unrefined alloy, since Al2Cu precipitated after the α-Al was
nearly complete, this suggests that the majority of Al2Cu development was through solid-
state precipitation, resulting in mostly blocky Al2Cu in the alloy. The SEM micrograph
in Figure 3a demonstrates the significant presence of blocky Al2Cu. In the case of the
refined alloys, the α-Al solid solution was less developed (relative to the unrefined alloy)
at the instant Al2Cu began to precipitate. Thus, there was a greater amount of liquid at
eutectic composition (at the instant of Al2Cu nucleation) present in the refined alloys, which
underwent the eutectic reaction and thereby resulted in enhanced precipitation of eutectic
Al2Cu (vs. blocky Al2Cu). The SEM micrographs in Figure 3b illustrate the presence of
both eutectic and blocky Al2Cu in Al-Cu-05Ti. A similar result was also observed for the
Al-Cu-02Ti alloy.

4.2. Solidification of Mg-Zn and Mg-Zn-Zr Alloys

The use of in-situ neutron diffraction enabled observation of the growth of peak areas
of individual α-Mg planes in the Mg-Zn and Mg-Zn-Zr alloys. During solidification of the
Mg-Zn and Mg-Zn-Zr alloys, grains would grow, translate and rotate within the melt as the
temperature decreased, resulting in a variation in scattering intensity. In the coarse-grained
Mg-Zn alloy, irregular, coarse grains would translate and rotate within the melt, resulting in
large fluctuations in fraction solid measurements from the peak areas of the

(
1010

)
, (0002)

and
(
1011

)
planes in Figure 8, possibly misrepresenting the actual amount of solid phases

present in the melt.
The grain refinement achieved by the addition of Zr resulted in a Mg-Zn-Zr alloy

with an equiaxed, fine grain structure. The grain refining effect of Zr ensured that both the(
1011

)
and

(
1010

)
planes’ peak areas were growing nearly identically, and each plane for

the Mg-Zn-Zr alloy showed little fluctuation between temperature steps at the early stages
of solidification. This uniform grain structure provided a moderated diffraction intensity
and resulted in similar peak area growth between each plane at the onset of solidification
(Figure 8).

The Mg-Zn and Mg-Zn-Zr alloys examined were 10 mm in diameter and 40 mm in
length. The sampling volume encompassed the entire sample equaling to ~2.9 × 103 grains
for the Mg-Zn alloy and ~5 × 106 grains for the Mg-Zn-Zr alloy, a difference of three
orders of magnitude assuming spherical grains. During a previous study of the current
authors [70], examination of a coarse-grained sample led to missing peaks; this was cor-
rected in this study by examining larger samples and oscillating the sample during analysis.
Additionally, for the current study, the high number of grains examined in the Mg-Zn-
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Zr alloy provided sufficient counting statistics and offered a clear representation of the
solidifying sample.

While the fraction solid curves were much smoother in the grain refined Mg-Zn-Zr
alloy (Figure 8b), there is still a source of fluctuations in fraction solid. These fluctuations
are due to the competition between neighbouring grains as they grow and consume each
other, as this was a possible source of neutron diffraction intensity fluctuations during a
study on Al and Al-Ti-B alloys by Iqbal et al. [48,49].

For both the Mg-Zn and Mg-Zn-Zr alloys, the FactSage™ models would tend to
follow the fastest growing peak area plane but were unable to determine which plane
this represented and its relation to other planes. The independent plane solidification
analysis offered by in-situ neutron diffraction provided unique insight into changes in
Mg-Zn solidification with the addition of Zr that would not have been possible using
traditional thermal analysis or modelling approaches.

4.3. Differences in Mg and Al Alloy Solidification

Using the data in Table 3, the growth restriction factor (Q) of the examined alloys
was calculated. As seen from Table 3, the examined Al-Cu and Mg-Zn systems with their
respective Ti and Zr grain refiners have similar compositional characteristics. Both Al-
Cu and Mg-Zn are eutectic systems with similar m and k values for added Cu and Zn,
respectively. Using 5 wt.% of each addition then provides a very useful comparison for
both alloy systems. For both systems, they show significant grain refinement with added
Ti (in the form of Al-5Ti-1B), and Zr. Both Al-Ti and Mg-Zr systems are peritectic, and
although the growth restriction factor (Q) is not simply additive for multi-component alloys
due to changes in solute distribution coefficient (k), solute concentration (Co) and liquidus
slope (m) [76], the added Ti and Zr provide significant Q, with the Mg alloys having higher
overall Q.

Table 3. Equilibrium Phase Diagram Properties of Solute in Al and Mg [73,74] with Calculated Q
Values for Examined Al and Mg Alloys.

Liquidus
Slope (m,
◦C/wt.%)

Solute Partition
Coefficient (k,
(wt.%/wt.%)

Solute Conc.
(Co, wt.%) Alloy

Growth
Restriction

Factor (Q, ◦C) *

%Increase in Q
Relative to Ti or Zr

Free Alloy
1/Q

Al Alloys

Cu −3.4 0.17 5 Al-Cu 14.1 - 0.071

Al-Cu-02Ti 18.6 32 0.054

Ti 33.3 7.8 0.02 or 0.05 Al-Cu-05Ti 25.4 80 0.039

Mg Alloys

Zn −6.04 0.12 5 Mg-Zn 25.6 - 0.037

Zr 6.9 6.55 0.7 Mg-Zn-Zr 53.2 108 0.019

* The growth restriction factor (Q) is typically not additive for multi-component alloys but the values in the table
illustrate the large constitutional effect Ti and Zr provide.

The implications of the values in Table 3 are that both Al-Cu and Mg-Zn with their
respective Ti and Zr additions fulfil all the necessities needed to be excellent grain refiners.
The reasoning can be explained by the Interdependence theory [15,55,77,78], where both
potency of nucleants and growth of a constitutional undercooled solidification front is
necessary to obtain a fine grain size. A good grain refiner is then one that is potent by
having a good lattice match, is of the correct size distribution to act as a substrate and is in
sufficient number in the melt, while also providing high growth restriction [15,55,77,78].
Another key parameter is a Q/k that provides a measure of the amount of undercooling
possible for a given system. If the required undercooling for nucleation is larger than the
Q/k that can be provided, then no new nucleants can be activated, and a resulting columnar
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structure will result [76]. The value of Q/k for the Al-Cu-02Ti alloy is 0.58 K; it is 1.45 K for
the Al-Cu-05Ti alloy. For the Al-Cu-02Ti alloy, the Q/k is only marginally larger than the
required 0.3 K for nucleation, indicating that further nucleation events might not occur, and
a columnar grain structure can result. With 0.05 wt.% Ti, the higher Q/k provided sufficient
undercooling in order to activate nucleants, resulting in an equiaxed structure. For the
Mg-Zn-Zr alloys, the high Q/k of 4.05 K enables sufficient undercooling to activate many
nucleants. Finally, a plot of Grain size vs. 1/Q offers comparative analysis of the grain
refinement of Al and Mg and is shown in Figure 9. From Figure 9, both alloys have a very
small or even negligible y-intercept that indicates a sufficient number of nucleants [78]. In
addition, the steeper slope of the Mg alloys indicates that more constitutional undercooling
is provided with Zr. That is, Zr is an effective refiner because the undercooling required is
small and it can build a large solute layer that ensures activation of nucleants. In addition,
the high solubility of Zr in Mg enables a high concentration of addition to provide a large
solute layer. For Ti in Al alloys, at low Ti levels, there is insufficient Q to generate adequate
constitutional undercooling to activate nucleants, resulting in a lack of new nucleating
sites and a final columnar grain structure. With additional Ti, sufficient undercooling is
generated, activating nucleants that result in an equiaxed grain structure. For the Mg-Zn
alloys, sufficient Q for an equiaxed grain structure was available with the 5 wt% Zn. The
addition of Zr then introduced additional solute and nucleants to reduce the size of the
resulting grains. This helps explain why both the refined and unrefined Mg-Zn alloys
had equiaxed grain structures while the Al-Cu alloy only showed a columnar to equiaxed
transition after sufficient Ti was introduced.
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5. Conclusions

In-situ neutron diffraction was used to examine the solidification behaviours of Al-Cu
and Mg-Zn alloys with Ti and Zr grain refiners, respectively. The key conclusions were:

1. With sufficient addition of grain refining agents, the Mg-Zn alloy transitioned from
a large, mainly equiaxed grain structure to a fine equiaxed grain structure, while
the Al-Cu alloy transitioned from an initial columnar grain structure to that of a fine
globular one.

2. The fraction solid curves for the Mg-Zn alloy were highly fluctuating and varied
widely between planes because of the large grain structure and unregulated growth
of peak areas of planes. The planes for the Mg-Zn-Zr alloy showed little variation in



Metals 2022, 12, 793 18 of 21

peak areas and fraction solid, as the added Zr grain refiner provided regulation of
solidification, resulting in the uniform growth of grains.

3. The fraction solid curves for α-Al showed distinct profiles for the three investigated
Al-Cu alloy conditions. Overall, the growth of α-Al was slower and more uniform for
the refined alloys, which was consistent with the globular, equiaxed grain structure
observed for these alloys. In addition, precipitation of Al2Cu varied between the
unrefined and refined alloy conditions, leading to differences in phase morphology.
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