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The heterogeneous nucleation of a-Al primary crystal on the L1, modified Al>7Nig3Ti
(Ale7NigTizs) phase was investigated. To study the effectiveness of heterogeneous
nucleation by the L1, modified Al,7Nio3Ti phase, an Al-10 vol% Alz7Nio3Ti refiner was
fabricated by spark plasma sintering (SPS). It was found that the maximum grain
refinement performance can be achieved by the Al-10 vol% Al>7NiosTi refiner after a
holding time of 690 s. The mechanical properties of pure Al casts were improved by using
the Al-10 vol% Al7Nio3Ti refiner through grain refinement. However, the grain
refinement performance is relatively weaker than expected. This is because the Al-10 vol%

Al27Nio3Ti refiner does not have a high thermal stability.
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1. Introduction

The refinement of a-Al grains is important for improving the strength of as-cast Al, since
as-cast Al has a columnar structure consisting of coarse and elongated grains. Al-Ti, Al-
Ti-B, and Al-Ti-C refiners are added in relatively small amounts to refine such a grain
structure of Al casts. A number of studies have been carried out to identify the mechanism
of a-Al nucleation, and different mechanisms and theories, such as carbide-boride particle

1,2)

theory "2, peritectic theory, phase diagram theory * %, heterogeneous nucleation on Al;Ti

57, peritectic hulk theory ¥, duplex nucleation theory ¥, dendrite remelting ), and

particles
solute theory '?, have been hypothesized. However, many of them have been contradicted.
Among them, we believe that the Al3Ti particles in the refiners act as the centers of
heterogeneous nucleation in the mechanism of grain refinement. !'"'¥ where Al3Ti has a
low-symmetry tetragonal D02 structure and its lattice parameters are ¢ = 0.3851 nm and ¢
= (0.8608 nm, while the Al phase has an fcc structure with @ =0.4049 nm.

It is well accepted that an effective refiner contains heterogeneous nucleation sites with

good lattice registry with the metal matrix. The plane disregistry o, '>!'© which is often

adopted to discuss favorable heterogeneous nucleation sites, is calculated from the equation

iy, 1 ‘d [uvw]. cos & —d[uvw];
(hkd), _gg{ d[uve]: x100% (1)

where (hkl)s and (hkl), are the low-index planes of the substrate and nucleated solid, and

[uvw]s and [uvw], are the low-index orientations on (hkl)s and (hkl)., respectively.
Moreover, d[uvw]s and d[uvw], are the interatomic spacing distances along [uvw], and 8 is
the angle between [uvw]s and [uvw]n. However, it is unclear why three in-plane directions
are considered when evaluating the plane disregistry.  Moreover, there are some
possibilities to select the third axis. The plane disregistry values of possible
crystallographic orientation relationships between Al3Ti and Al are shown in Table I.  As
can be seen, the selection of a different third axis results in a different plane disregistry value,
even though the crystallographic orientation relationship itself is the same.

Alternatively, the parameter M '7"1), which is approximately proportional to the specific

misfit strain energy, will be adopted to discuss the effective nucleant materials. The
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parameter M is defined as

M=a’>+ &+ @2R3) a e, ()

where &1 and & are the principal misfit strains calculated from the principal distortions.
Although this consideration has often been applied to epitaxial phenomena, it is potentially
applicable to predicting the preferred orientation relationship between two solidified phases.
20 The parameter M values of some crystallographic orientation relationships between
Al3Ti and Al are also shown in Table I.  The parameter M is readily applicable to predicting
the preferred orientation relationships between the solidified Al and Al;Ti. That is,
favorable heterogeneous nucleation sites for casting could be predicted using the parameter
M. On the other hand, it is known that the shape of Al;Ti particles in the Al-5 mass% Ti

ingot is platelet-like 2!*? and the face of Al;Ti platelets is a (001)as3i plane. 2229

Therefore,
the dominant face of Al3Ti platelets is not the best plane for heterogeneous nucleation, since
it has the largest M value among the above orientation relationships.

To overcome this shortcoming, in our previous studies, high-symmetry L1, modified
Al 7Fe3Ti particles with a lattice constant of @ = 0.393 nm 2 were used as a heterogeneous
nucleant. >%*?  The M value between Al and Al»7FeosTi is 2.50 x 10, If a substance with
a smaller M value between the solidified phases is used as a heterogeneous nucleant, it is
expected that a higher grain refinement performance can be obtained. In this study,
therefore, L1, modified Al27Nio3Ti (Ale7NigTizs) particles with a lattice constant of a =0.394
nm 2® and an M value of 1.93 x 10 between Al and Al>7Nio3Ti are used as a heterogeneous

nucleant. This is because the M value between Al»7Nip3Ti and Al is smaller than that

between Alz.7Feop3Ti and Al

2. Experimental methods

In this study, L1, modified Al> 7Nio3Ti particles were directly prepared by gas atomization.
The atomization gas used was Ar and its pressure was 5.0 MPa. The microstructural
features of the Al7Nio3Ti particles were examined using a scanning electron microscopy
(SEM) equipped with an energy-dispersive X-ray spectrometer (EDS). The phase of gas-
atomized Al>7NipsTi particles was analyzed using a Rigaku RINT-2100 X-ray
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diffractometer (XRD) with Cu-Ka. radiation.

The gas-atomized particles were sieved to obtain a particle size of 75-150 um, and the
sieved Al»7Nio3Ti particles were mixed with pure Al particles (99.9%, 106-180 um), where
the volume fraction of intermetallic compound particles was fixed to 10 vol%. The
sintering of the mixed powder by a spark plasma sintering (SPS) apparatus (SPS Syntex
SPS-515S) was performed at 500 °C for 5 min under an applied stress of 45 MPa. The
microstructural and phase evolutions of the Al-10 vol% Alz7Nio3Ti refiner were studied by
SEM with EDS and XRD, respectively.

To evaluate the grain refinement performance of the prepared refiner, 148.8 g of
commercially pure Al ingot (99.99% purity) was melted in an alumina crucible using the
electrical resistance furnace at 750 °C in argon gas atmosphere.  After the addition of 1.2
g of the heated refiner into the melt, the melt was stirred with a rod for 30 s, after which no
further stirring was carried out. The melt was cast into a cylindrical steel mold of 45 mm
inner diameter, 70 mm outer diameter, and 70 mm height after a holding time of 0, 300, 510,
600, 690, or 780 s. Here, the holding time is the time interval from when the stirring was
finished to when the melt was cast into the mold.

The classical metallographic route was used to prepare the samples for microstructural
analysis. The specimen for grain structure examination was horizontally cut from the
bottom part (5 mm from the bottom) of each cast sample. The macrostructural and
microstructural features of the casts were studied by optical microscopy after etching the
polished surface with a 10% hydrofluoric acid aqueous solution. The linear intercept
technique was used to quantify grain size.

For mechanical property characterization, tensile tests and hardness measurements were
carried out. Tensile specimens with a reduced gauge section of 4 x 10 mm? with a thickness
of 6 mm were prepared. Here, the tensile direction is parallel to the radial direction of the
casts. Tensile tests were conducted using an Instron-type tester (Shimadzu AG-1/250 kN)
at a nominal strain rate of 10 1/s.  Two or three tensile tests were carried out for each cast.
Microhardness measurements were carried out using a Vickers device under an applied load
of 1 kgf for 15s. Seven data from nine measurements at different points of the sample were

used to calculate the average microhardness.
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3. Results and discussion
3.1 Microstructure of L12 modified Al2.7Nio.3Ti particles

The XRD pattern of gas-atomized Al>7Nio3Ti particles is shown in Fig. 1(a). X-ray
analysis shows the peak pattern of L1> modified Al>7Nio3Ti, although some unidentified
small peaks appear. The lattice constant of the Al>7Nio3Ti is @ = 0.3928 nm, which is in
agreement with the reported value. 2®
Figure 2 shows the SEM images of L1> modified Al 7Nio3Ti particles prepared by gas
atomization, where (a)-(d) are the low-magnification photograph, powder surface, cross
sections of particles, and high-magnification micrograph showing the cross sections of
particles, respectively. From Figs. 2(a) and 2(b), some satellite particles can be observed
on the surfaces of coarser particles. From the cross-sectional views shown in Figs. 2(c)
and 2(d) and the EDS results shown in Table II, the Al>7Niop3Ti particles were formed to
consist of two phases, i.e., a gray matrix phase with the stoichiometric chemical composition
of Al27Nio3Ti and a white Ni-rich secondary phase.
The volume fraction of the secondary phase in the gas-atomized Al>.7Nio3Ti particles
with different sizes is shown in Table III. As can be seen, the small particles have a small
amount of secondary phase. The Al,7Nio3Ti particles used as the refiner contain an 8.0

vol% secondary phase.

3.2 Microstructure of Al-10 vol% Al2.7Nio.3Ti refiner

The XRD pattern and SEM images of the fabricated Al-10 vol% Al>7Nio3Ti refiner are
shown in Figs. 1(b) and 3, respectively. It can be seen from Figs. 1(b) and 3 that L1,
modified Al27Nio3Ti particles are successfully embedded in the Al matrix, since there are
obvious peaks of Al 7Nig3Ti and Al phases. The magnified microstructure shown in Fig.
3(b) reveals that no reaction between the Al 7Nio3Ti particle and the Al matrix occurs at the
interface. EDS analysis was carried out in the matrix and particle regions, and the results
are shown in Table IV. Matrix and particles were identified to be Al with small amounts of
Ti and stoichiometric Al,7Nig3Ti intermetallic compound, respectively.  From the
magnified microstructure shown in Fig. 3(b), the secondary phase observed in the gas-
atomized particles is still found in the Al-10vol%Al>7Nig3Ti refiner, although the refiner
was fabricated at elevated temperatures. Therefore, no significant reaction occurs upon

heating for a shorter period and the L1, modified Al>7Nio3Ti particles with a small amount

5
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of secondary phase still remain in the refiner.

3.3 Grain refinement performance of Al-10 vol% Al2.7Nio.3Ti refiner
By using the Al-10 vol% Al>7Nig3Ti refiner, the grain refinement performance is studied.
The macrographs of Al casts refined using the refiner are shown in Fig. 4, where holding
times in (a)-(f) are 0, 300, 510, 600, 690, and 780 s, respectively. For comparison, the
macrostructure of an unrefined pure Al cast is shown in Fig. 4(g).  The Al cast without the
refiner has coarse and inhomogeneous grains, as shown in Fig. 4(g), and the average grain
size is about 3574 um. On the other hand, the grain size is smaller in the Al cast with the
refiner, although the macrostructure retains a columnar structure in the outer region of the
cast.

A quantitative analysis of the average grain size is carried out and the results are shown
in Fig. 5 as a function of holding time. The results of the Al cast refined by the Al-10 vol%

260 The minimum grain size of 405 pm

Aly7Feo3Ti refiner are also shown in this figure.
can be achieved for the cast refined by the Al-10 vol% Alz7Nig3Ti refiner after the holding
time of 690 s. This size is about one ninth that of the unrefined cast. As can be seen, a
reduced grain refinement performance (fading) is found when the holding time becomes 780
s. Note that a lower grain refinement efficiency is found for the Al-10 vol% Alz>.7Nio3Ti
refiner than for the Al-10 vol% Al 7Feo3Ti refiner. This phenomenon cannot be explained
by simple lattice matching between the heterogeneous nucleant and the nucleated solid, since

the M value between Al 7Nio3Ti and Al, M = 1.93 x 107, is smaller than that between
Al 7Feo3Ti and Al, 2.50 x 103, This will be discussed later.

3.4 Mechanical properties of Al casts

Figure 6 shows the nominal stress-nominal strain curves of Al casts manufactured without
and with the Al-10 vol% Alz7Nio3Ti refiner after the holding time of 690 s. It is clear that
the refined Al cast has a higher strength. 0.2% proof stress and tensile strength are
evaluated from these stress-strain curves and results are listed in Table V.  The
microhardness values of the refined and unrefined Al casts are also listed in Table V. The
microhardness of the Al cast with the refiner is higher than that of the cast without the refiner.

By using the Al-10 vol% Al».7Nio3Ti refiner, the mechanical properties of pure Al casts can
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be improved by grain refinement.

3.5 Thermal stability of Al2.7Nio.3Ti phase in refiner

In this section, we would like to discuss why the grain refinement efficiency of the Al-10
vol% Al 7Nip3Ti refiner is not superior to that of the Al-10 vol% Al>.7FeosTi refiner. The
Al-10 vol% Al 7Nig3Ti refiner was fabricated by the SPS route, which can be achieved in
the unequilibrium state, since sintering can be carried out at a low temperature with short

29300 In our previous study, the decomposition

heating, holding, and cooling times.
phenomenon of the Al>7Feo3Ti phase in the Al-10 vol% Al 7Feo3Ti refiner fabricated by
SPS was studied. > It has been found that the thermal stability of the heterogeneous
nucleation site also affects the grain refinement performance. It is, therefore, expected that
the decomposition phenomenon will occur more rapidly for the Al-10 vol%Alz7Nig3Ti
refiner.

Next, the thermal stability of the Al>.7Nio.3Ti phase in the Al-10 vol% Alz.7Nio3Ti refiner
is investigated. For this purpose, the Al-10 vol% Al>7Nio3Ti refiner was heated at 750 °C
for 90, 300, or 510 s. Figures 7(a)-7(c) show the microstructures of the Al-10 vol%
Alz7Nig3Ti refiner heated at 750 °C for 90, 300, and 510 s, respectively. The EDS analysis
results of the heated Al-10 vol% Al 7Nig3Ti refiner are listed in Table VI. These figures
reveal that heating for a short time causes the decomposition of the Al>.7Nio3Ti phase into
Al3Ti and AlsNi phases. Namely, the complete decomposition of the Al> 7Nig3Ti phase into
Al;3Ti and AlsNi phases was found for the Al-10 vol% Al27Nio3Ti refiner heated at 750 °C
for 90 s. On the other hand, in the case of the Al-10 vol% Al>7Nio3Ti refiner, no notable
difference in microstructure between the unheated refiner and the refiner heated at 750 °C

for 90 s was observed. 27

By comparing the decomposition phenomena in the Al-10 vol%
Al27Nio3Ti and Al-10 vol% Alz7FeosTi refiners, one can recognize that the thermal stability
of the Al>.7Nio3Ti phase in the refiner is lower than that of the Al 7Feo3Ti phase. This may
be the reason for the relatively lower grain refinement performance of the Al-10
vol%Al>7Nip3Ti refiner. In this manner, the thermal stability of the heterogeneous

nucleation site also affects the grain refinement performance.

4. Conclusions
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In this study, the heterogeneous nucleation of a-Al primary crystal on the L1, modified
Al>7Nio3Ti (Ale7NigTizs) phase was investigated. A refiner with L1> modified Al»7Nig3Ti
particles prepared by gas atomization was fabricated by SPS. The obtained results are
summarized as follows.

1) Smaller grains are found for the Al cast manufactured with the Al-10 vol% Al>7Nig3Ti
refiner. Therefore, L1> modified Al>7Nig3Ti particles can act as effective heterogeneous
nucleation sites for primary Al in the solidification process. The maximum grain
refinement performance can be achieved by the Al-10 vol% Alz7Nio3Ti refiner after the
holding time of 690 s.

2) The grain refinement performance is relatively weaker than expected. This is because
the Al-10 vol% Al>7Nig3Ti refiner does not have a high thermal stability. The thermal
stability of the heterogeneous nucleation site also affects the grain refinement performance.
3) The mechanical properties of pure Al casts were improved by using the Al-10 vol%

Alz7Nig3Ti refiner through grain refinement.
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Figure Captions

Fig. 1. (Color online) XRD profiles of gas-atomized Al>7Nio3Ti particles (a) and Al-10
vol% Al 7Nig 3Ti refiner (b).

Fig. 2. (Color online) SEM images showing L1, modified Al>7Nio3Ti particles prepared
by gas atomization. Low-magnification photograph (a), powder surface (b), cross sections

of particles (c), and high-magnification micrograph showing cross sections of particles (d).

Fig. 3. (Color online) SEM images showing Al-10 vol%Al2 7Nio3Tirefiner. Low- (a) and

high-magnification images (b).

Fig. 4. Grain refinement performance test results of the Al-10 vol% Alz7Nio3Ti refiner
after holding times of 0 (a), 300 (b), 510 (c), 600 (d), 690 (e), and 780 s (f). Al cast
without the refiner (g).

Fig. 5. (Color online) Average grain size of the samples with different holding times after
addition of Al-10 vol% Al27Nio3Ti refiner. The data of the Al-10 vol% Al 7Feo3Ti refiner

obtained from Ref. 26 is also shown in this figure.
Fig. 6. (Color online) Nominal stress-nominal strain curves of Al casts manufactured
without and with the Al-10vo% Al>7Nio3Ti refiner after a holding time of 690 s. The

dimensions of the tensile specimen are also shown in this figure.

Fig. 7. (Color online) Microstructures of Al-10 vol% Alz7Nio3Ti refiner heated at 750 °C
for 90 (a) and (a’), 300 (b) and (b’), and 510 s (¢) and (c’).

11
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Table 1. Plane disregistry and parameter M values of some crystallographic orientation

relationships between Al;Ti and Al

fowl g | wly | diowlar | diowly | @ | cos8 | diuvwlyrcos8 | 8 E:;‘gj:r Prineipal strain | A7 (x10%)
001 001 0.4304 0.4049 0 1 0.4304 6.30 0.0630
(100,41, 74//(100) 4; 021 011 0.5775 05726 | 3.18 | 0.998 0.5763 0.65 3.95 4.306
010 010 0.3851 0.4049 0 1 0.3851 4.89 -0.0489
001 001 0.8608 0.8098 0 1 0.8608 6.30 0.0630
(100),4,74//(100) 4, 011 012 0.9430 0.9054 | 2.46 | 0.999 0.9421 4.05 5.08 4.306
010 010 0.3851 0.4049 0 1 0.3851 4.89 -0.0459
100 100 0.3851 0.4049 0 1 0.3851 4.89 -0.0489
(001)4;,7¢//(001) 4, 010 010 0.3851 0.4049 0 1 0.3851 4.89 4.89 -0.0489 6.377
110 110 0.5446 0.5726 0 1 0.5446 4.89
001 001 0.4304 0.4049 0 1 0.4304 6.30 0.0630
(110),4,74//(110) 4, 110 110 0.5446 0.5726 0 1 0.5446 4.89 41 -0.0459 4.306
221 111 0.6941 0.7013 3.05 | 0.999 0.6934 1.13
001 001 0.8608 0.8098 0 1 0.8608 6.30 0.0630
(110),47,74//(110) 4, 110 110 0.5446 0.5726 0 1 0.5446 4.89 4.60 -0.0489 4.306
i1 112 1.0186 0.9918 | 2.94 | 0.999 1.0176 2.60
110 110 0.2723 0.2863 0 1 0.2723 4.89 -0.0489
(112) 4, 7//(111) 111 112 0.5093 0.4959 0 1 0.5093 2.70 2.78 0.0270 2.240
021 011 0.5775 0.5726 | 1.87 | 0.999 0.5769 0.75
110 110 0.5446 0.5726 0 1 0.5446 4.89
(112) 47, 7//(111) 4 021 011 0.5775 05726 | 1.87 | 0.999 0.5769 0.75 2.13
201 101 0.5775 05726 | 1.87 | 0.999 0.5769 0.75

Table II. EDS analysis results of the gas-atomized Al>.7Nio3Ti particles shown in Figs.
2(b) and 2(d) (unit: mol%).

Theoretical value of Al 7Nip3Ti
1 (Surface)

2 (Surface)
3 (Matrix)
4 (Secondary phase)

12
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Table III. Volume fraction of secondary phase in the gas-atomized Al>7Nio3Ti
particles with different sizes (unit: vol%).

32-75 75-150 150-212
um um um
Volume fraction of secondary phase 6.9 8.0 8.8

Particle size of Al»7Nig3Ti

Table IV. EDS analysis results of the Al-10 vol% Alz 7Nig3Ti refiner shown in
Fig. 3(b) (unit: mol%).

Theoretical value of Al 7Nig3Ti
1 (Matrix)
2 (Matrix)
3 (Particle)
4 (Particle)

Table V.  0.2% proof stress and tensile strength evaluated from stress-strain
curves, and Vickers hardnesses of Al casts manufactured with and without the Al-
10 vol% Al,7Nio3Ti refiner.

0.2% proof Tensile strength, Vickers
stress, co.2 /MPa oTs /MPa hardness, HV

Without refiner 20.1 40.1 143

With refiner (Holding time: 690 s) 26.4 56.9 15.8

Table VI. EDS analysis results of the heated Al-10 vol% Al .7Nio3Ti refiner
shown in Fig. 7 (unit: mol%).
Phase
Theoretical value . Al27Nio3Ti
1 . . a-Al
AlzTi
AlsNi
a-Al
AlzTi
AlsNi
a-Al
AlzTi

2
3
4
5
6
7
8
9

13
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Fig. 1. (Color online) XRD profiles of gas-atomized Al>.7Nio3Ti particles (a) and Al-10

vol% Al> 7Nig 3Ti refiner (b).
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Fig. 2. (Color online) SEM images showing L1, modified Al>7Nio3Ti particles prepared
by gas atomization. Low-magnification photograph (a), powder surface (b), cross sections

of particles (c), and high-magnification micrograph showing cross sections of particles (d).

15
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Fig. 3. (Color online) SEM images showing Al-10 vol%Al27Nio3Tirefiner. Low- (a) and
high-magnification images (b).

Fig. 4. Grain refinement performance test results of the Al-10 vol% Al27Nio3Ti refiner
after holding times of 0 (a), 300 (b), 510 (c), 600 (d), 690 (e), and 780 s (f). Al cast
without the refiner (g).

16



Template for JJAP Regular Papers (Jan. 2014)

Average Grain Size, d / pm

400 [~ Al Cast with \‘\\ g 3
A1-10V01%A12_7Fe0_?’1‘i B S e
0 200 400 600 800 1000 1200

Holding Time, 7/ s

Fig. 5. (Color online) Average grain size of the samples with different holding times after
addition of Al-10 vol% Al27Nio3Ti refiner. The data of the Al-10 vol% Alz7FeosTi refiner

obtained from Ref. 26 is also shown in this figure.
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Fig. 6. (Color online) Nominal stress-nominal strain curves of Al casts manufactured
without and with the Al-10vo% Al>7Nig3Ti refiner after a holding time of 690 s. The

dimensions of the tensile specimen are also shown in this figure.
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Fig. 7. (Color online) Microstructures of Al-10 vol% Alz7Nio.3Ti refiner heated at 750 °C
for 90 (a) and (a’), 300 (b) and (b’), and 510 s (¢) and (c’).
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