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Abstract: The edge-to-edge matching (E2EM) crystallographic model was used to predict the orientation relationships (ORs)
between LaBg and Al. Three different possible ORs can be predicted between LaBs and Al, which are (100)4[(100).5,,
[001]41/I[001 ] ap,; (110)a[[(110)Lap,, [001]a)[[001]Lap,; and (111)4)][(111)ap,, [01 1] alll[011] LaB,- The prediction results are perfectly
confirmed through TEM analysis and prove the nucleation potency of LaBg. The refining efficacy of Al-2La—1B refiner and its
influence on the tensile properties were investigated in the as-cast Al-7Si—0.3Mg alloy. According to the results, LaBg has higher
nucleation potency than TiB,, leading to better grain refining efficacy of Al-2La—1B refiner in the as-cast Al-7Si—0.3Mg alloy.
Regarding the mechanical performances, tensile properties of the as-cast AI-7Si—0.3Mg casting alloy are prominently improved after

addition of Al1-2La—1B refiner, due to the refined microstructures.
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1 Introduction

Grain refinement is a practical method to improve
mechanical properties and metallurgical quality of
castings [1—4]. Although many new
techniques, such as electromagnetic vibrational
method [S] and rapid solidification [6,7], have been
developed, chemical inoculation of grain refiner is still
the best cost-effective method for the refinement of grain
structure of aluminum alloys during the solidification
processes [8]. Although there is much argument about
the refinement mechanism, two factors are believed to
play important roles in grain refinement. One is the
nucleant particles existing in grain refiners, e.g.,
Al;Ti [9], TiB,[10], AlB;[2] and TiC [11], inducing the
heterogeneous nucleation process, and the other is the
growth restriction factor caused by constitutional
undercooling [12,13].

The edge-to-edge matching (E2EM) model, which
is reported by ZHANG and KELLY [14,15], is based on

aluminum

the matching of rows of atoms across the interface. It is
capable of predicting the orientation relationships (ORs)
and the corresponding habit plane with matrix from the
first principles, and therefore can be directly applied to
new alloy development. The E2EM model has been
applied to the typical grain refiners in aluminum
alloys [16]. According to the results, there are four
different ORs between Al;Ti and Al, more than three Ors
of TiC and two Ors of Ti or AlB,, indicating that Al;Ti is
a more powerful nucleating substrate for primary Al
than TiC, TiB, and AIB,. This agrees with previous
experimental results and shows that E2EM model has the
potential to be a powerful tool in discovering new and
more powerful grain refiners for Al alloys [16].

Although ALTi is a more powerful nucleating
substrate for wrought aluminum, when applied to casting
alloy which contains more than 4% silicon element, it
exhibits lower refining efficiency for primary Al because
of poisoning phenomenon between Ti and Si [17].
More recently, grain refiners with lower mass ratios of
Ti to B have been applied in Al—Si foundry alloys [17].
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These master alloys contain TiB, other than AL;Ti, as a
consequence, they perform better refining efficiency
than AI-5Ti—1B in Al-Si casting alloys. Previous
works [18,19] have illustrated that LaBg, a simple cubic
structure crystal, owns small crystal lattice mismatch
with a(Al) phase and can refine the grain structures of
pure aluminum. However, it is still confused whether
LaBg can act as more effective nucleating substrate than
TiB,. Up to now, a few investigations have been devoted
to the refining effect of LaBs in Al-Si alloys. Therefore,
it is significant to compare the nucleation potency
between LaBg and TiB, with guidance of E2EM model
and evaluate their grain refinement efficacy in Al-Si
alloys.

In the present work, E2EM model is applied to
calculating the ORs between LaBs and Al. TEM analysis
is utilized to confirm the calculation results. Considering
that the mass ratio of La to B in LaBg is 2:1 and Ti to B
in TiB, is 2.2:1, two kinds of master alloys, AlI-2La—1B
and Al-2.2Ti—1B were prepared. The grain refining
efficiencies of Al-2La—B and Al-2.2Ti—1B are
investigated in Al-7Si—0.3Mg alloy, respectively. The
influence of master alloy additions on mechanical
properties and the fractographs of tensile samples are
also studied.

2 Experimental

2.1 Alloy preparation

The master alloys and Al-7Si—0.3Mg alloy were
both prepared in a graphite crucible using electric
resistance furnace. The Al-2La—1B master alloy was
prepared with commercial pure aluminum, Al-10La and
Al—-3B master alloys. The Al-2.2Ti—1B master alloy was
obtained by Halide Salt process [15]. The starting
materials were pure aluminum(99.7% Al), and K,TiFg
and KBF, salt of commercial purity. The Al-7Si—0.3Mg
alloy was melted with commercial pure aluminum,
magnesium and A413.0 alloy. When studying the
transformation of microstructure and tensile properties of
Al-7Si—0.3Mg alloy, grain refiners were added into the
melt when the temperature was brought to (720+5) °C.
The melts (720+5) °C were poured into ASTM: B—108
type permanent mold preheated to (250£5) °C to produce
tensile test bars.

2.2 Characterizations

The grain refining performance of grain refiners
was evaluated by samples solidified in a cylindrical
graphite mould (d25 mm x 100 mm) surrounded by
refractory brick. The cast samples were sectioned 25 mm
from the bottom surface. The samples were anodized in
Barker’s solution and then examined with an optical
microscope under polarized light. The grain sizes were

measured with the linear intercept method.

The chemical compositions of the samples were
analyzed with optical emission spectroscopy (OES)
(Table 1). The original alloy (Al-7Si—0.3Mg without
inoculation) was labeled as S0, after adding 0.25%, 0.5%,
0.75% and 1.0% Al-2.2Ti—1B, 0.25%, 0.5%, 0.75% and
1.0% Al-2La—1B, the experimental alloys were labeled
as S1-S8, respectively. For more obvious contrast, when
analyzing the nucleation potency and fractographs, only
S0, S2, S4, S6 and S8 alloys were compared. The phase
composition was characterized by means of X-ray
diffraction (D8-Discover, Bruker, Germany). The
morphology of the particles in the prepared sample was
observed by scanning electron microscope (SEM, Sirion,
FEI) equipped with energy dispersive X-ray spectrometer
(EDX). Transmission electron microscopy (TEM)
analysis was used to discover the crystalline orientation
relationship between LaBg and a(Al), which was
performed on a Tecnai G2 instrument. The samples for
TEM analysis were fabricated by focused ion beam (FIB,
Helios nanolab 600, FEI) machine. The tension testing
was conducted on a mechanical testing machine
(CMT5105, SANS), according to ASTM: B557-2010
standard.

Table 1 Chemical composition of Al-7Si—0.3Mg alloy in
present work (mass fraction, %)

Sample Si Mg Fe La Ti B Al
SO 7.13 0.325 0.0865 0.0005 0.0013 0.0006 Bal.
S1 7.06 0.338 0.0765 0.0005 0.0060 0.0031 Bal.
S2  7.01 0.341 0.0821 0.0005 0.0130 0.0067 Bal.
S3 7.22 0309 0.0663 0.0005 0.0171 0.0080 Bal.
S4  6.836 0.351 0.0733 0.0006 0.0215 0.0105 Bal.
S5 6.97 0.329 0.0739 0.0063 0.0012 0.0032 Bal.
S6 7.09 0.337 0.0773 0.0105 0.0011 0.0055 Bal.
S7 731 0316 0.0768 0.0176 0.0013 0.0082 Bal.
S8 7.23 0.355 0.0875 0.0221 0.0010 0.0138 Bal.

3 Results and discussion

3.1 E2EM model calculation

The E2EM model was utilized to predict the
orientation relationships between LaBgs and Al. The
crystal structure and lattice parameters of LaB4 and Al
are listed in Table 2. The interatomic spacing misfit (f;)
and interplanar spacing mismatch (f;) between LaBg and
Al are calculated by the following equations:
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where r, and r, are the atomic linear densities of close
packed or nearly close packed directions of substrate and
Al matrix without deformation, respectively; ds and d.
are the interplanar distance of close packed or nearly
close packed planes of substrate and Al matrix,
respectively.

Al matrix is a simple FCC structure, and the lattice
parameter a is 0.4049 nm. There are three possible close
packed or nearly close packed directions in Al crystal.
They are (110),;, (100),, and (112)4; [16]. LaBs (JSPDF
No. 65—1831) is simple cubic structure, CsCl type and
belongs to Pm3m space group [20]. The lattice
parameter a of LaBg is 0.4157 nm. There are three
possible close packed directions, {100);.gs, (110)1.56 and
(111)1 8¢ (Table 2). Because each phase has three
possible close or nearly close packed directions, there are
nine direction pairs. Table 3 lists the calculated misfits
along these nine direction pairs. It can be seen that there
are two direction pairs, (100),/(100) .56 and
(110)1/{110) g6, of which the f; is 2.67%, less than 10%.
Hence, (100),/{100),5s and <{110)5/{110);.86 are
potential matching directions.

The second step in the prediction of the orientation
relationships is to examine the d-value mismatch
between the possible matching planes. The close and
nearly close packed planes for Al are {111}4;, {200} A
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and {220} ;, which contain (001)4; and {(011),; directions
(Fig. 1). The close and nearly close packed planes for
LaB¢ are {110}1.p6, {100}1.8¢ and {111},p¢, Which
contain (001) 56 and (011),p¢ directions (Fig. 2). As
each phase has three close or nearly close packed planes,
there will also be nine possible plane pairs. The d-value
mismatch of these nine plane pairs is listed in Table 4.
From Table 4 we can see the possible matching planes.
They are {200},/{100}1.8s, {220}a/{110}1 .86 and
{111} o/ {111} 1,86, the mismatches of which are all
2.67%, less than 6%. The final orientation relationships
between LaBg and Al matrix are predicted as follows:

(100)aill(100)1ap,, [001]ilI[001]La,;
(110)[(110)Lap,, [001]Af[[001 JLas,;
(DAl g, [O1T] ar]|[011] La,

3.2 TEM demonstration

For verifying the above calculation results, the TEM
analysis was employed to identify the crystallographic
relationship between LaBg and Al in S6 alloy (Fig. 3).
LaBg particle locating in the center of a(Al) is contained
in the TEM foil sample (Fig. 3(a)). LaB¢ phase shows
typical facet morphology located in the Al matrix
(Figs. 3(b) and (c)). Figure 3(f) shows the overlapping
SAED pattern of LaBs (Fig. 3(d)) and Al matrix

Table 2 Crystal structure, close-packed rows and close-packed planes of a(Al) and LaBg

Sample Structure a/nm CP row d,,/nm CP plane dj/nm
(110) 0.286 {200} 0.202

Al FCC 0.405 (100) 0.405 {220} 0.143
(112) 0.496 (111} 0.234

(110) 0.588 {110} 0.294

LaBg Cubic 0.416 (100) 0.416 {100} 0.416
(111) 0.720 {111} 0.240

Table 3 Interatomic spacing misfit (relative to Al) along possible matching directions between LaBg (a=0.416 nm) and Al matrix

(a=0.405 nm)
S/ %
ap/nm [110]ay/ [110]a/ [110]a/ [100]5¢ [100]a/ [100]ar/ [112]a/ [112]a/ [112]a/
[100]iap,  [110]iap,  [111]iap,  [100)iap,  [110]iap,  [111]iap,  [100)iap,  [110]iap,  [111]iap,
0.416 452 2.7 452 2.7 452 77.8 16.1 18.5 452
* indicates that two interatomic spacings in Al match one spacing in LaBg
OAl
do oy [001], 0111, [Ti21, OA!
O o O O @)
@] o O @)
o O O ® @)
o O O @) _
= S [T10]y, e—[010],, (11015
(a) (b) (c)

Fig. 1 Atom configuration of Al on three possible close packed planes: (a) (111),5; (b) (200)45; (¢) (220)4;
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Table 4 Interplanar spacing mismatch (relative to Al) between close or nearly close packed planes in LaBg (a=0.416nm) and Al
matrix (a=0.405 nm)

f/%
as/nm  (200)/  (200)s/  (200)a/  (220)a)  (220)a/  (220)4/  (11)y/  (11D1)y/  (11D)aY
(110)ap,  (100)ap,  (1Diap,  (110)p,  (100)1as,  (11Diap,  (110)ian,  (100)iam,  (111)1ap,
0.416 —27.4° 2.7° —40.7° 2.7° 45.2° -16.1° 25.7 77.8 2.7

* indicates that two interplanar spacings in Al match one interplanar spacing in LaBg

OLa OLa

OLa
001],, - 011],, [101);, _
[001]y [T11];, [001];, (0111, [0T1],,
@] (@) O (@) O @]
O O
@] @] (@] O @] (@)
O O
O (@) O (©] @] @
110 010 O o 121
I [ ]La & =~ o o [ ]La I [ ]La
(@ (b) ©

AccV SpotMagn  Det WD ————————— 50um
20140 1500x SE 193

(d) LaBs

Zone axis Zone axis TR ; & 0 -Zone axis
[0,0,1] [0,0,1] » . [0,0,1]

———————5.00 1/nm

(®LaBs myAl * o (i

. .

£ a , o ¢ (il
w5 ? . (100)L536 /"-p(022)“
(l,i,& /.----. 5
(100) 9(01.1.) s _ (00.0) ALy - . ‘0 . (é'all)m 4
» »

»
+(0,0 O) .  zong axis " zone axis 8 o * . zone ais
« [0,1,1] . [0,1,1] ; - 5 . [(), # 1"

.
———————15.00 /nm

Fig. 3 TEM analysis of LaBg existing in center of a(Al): TEM images of location of sample (a), foil sample (b) and region around
interface between LaBg and Al (c), and corresponding SAED patterns of LaBg particle (d, g), and Al matrix (e, h), and overlapping of
SAED pattern of LaBg and Al (f; 1)
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(Fig. 3(e)) with the zone axis [001]. It is shown that
(100)4 is nearly parallel to (100).,p, and (110)4; is also
parallel to (110)..5,. From this point of view, the
crystalline orientation relationships (100)4|(100),p,,
[001]4I[001 45, and (110)[[(110)1ap,, [001]o(I[001 Ty,
do exist between LaBg and Al It can also be seen in
Fig. 3(i) that (111),; is parallel to (111)r,p, with the zone
axis [011], then the third orientation relationship
(11| (11 1) g, [011]41][[01 1] 148, is obtained. Hence,
three orientation relationships are observed between
LaBg and Al, which are consistent with the calculation
results by E2EM model. In comparison to the ORs
between TiB, and Al, which are (200)4]|(101 1)gipa,
[011]al[1 2 10]5p, and (220)x/[(11 2 O)rig,, [ 1 12
[1100]rs,, respectively, LaBs possesses more ORs with
Al matrix, indicating higher grain refining efficacy,
according to the theory of ZHANG et al [16].

3.3 Microstructure evolution

To demonstrate the prediction result, Al-2La—B and
Al-2.2Ti—1B master alloys were added into
Al-7Si—0.3Mg alloy, respectively, and then the grain
refining efficacy was compared.

Firstly, phases and microstructures of Al-2La—B
and Al-2.2Ti—1B master alloys were analyzed by XRD
and SEM, respectively. According to the results of XRD
analysis (Fig. 4), the Al-2La—B and Al-2.2Ti—1B master
alloys are both dual-phase. There are LaB4s and Al in
Al-2La—B and TiB, and Al in Al-2.2Ti—1B master
alloys, respectively. The morphologies of particles in two
kinds of master alloys are shown in Fig. 5. In
consideration of EDS results, the bright phase in
Al-2La—B master alloy is regarded as LaBg, of which

i a—Al » D
L4 _TIBZ
v —LaB,

Y
i+ v Al-La-B
v
v v -
v v
WMD_J WY

20 30 40 50 60 70 80 90
20/%)

Fig. 4 XRD patterns of Al-2La—1B and Al-2.2Ti—1B master
alloys

the mean particle size is approximately 2 um. The bright
particles in Al-2.2Ti—1B master alloy are considered as
TiB,, the mean particle size of which is smaller than
LaBg.

Figure 6 illustrates the microstructures of
Al-7Si—0.3Mg alloys inoculated with different master
alloys. It is clear that, with inoculations, grain of SO alloy
is refined in different degrees. The mean grain sizes of
the samples with different master alloys are shown in
Fig. 7. The mean grain size of original alloy SO is in
average 1190 pum. After adding 0.5% Al-La—B master
alloy, the mean grain size reduced dramatically to about
430 pm, less than that of 631 um in the S2 alloy. When
the addition level is more than 0.75%, the variation of
mean grain size of Al-7Si—0.3Mg alloy is not significant.
Obviously, both LaBs and TiB, particles can act as the

A
2 3 4 5 6 7 8 9 10 11
E/keV
Ti
1 T T
3 4 5 6 7 8 9 10 11
E/keV

Fig. 5 SEM images (a, ¢) and EDS spectra (b, d) of LaB¢ particles in Al-2La—1B master alloy (a, b) and TiB, particles in

Al-2.2Ti—1B master alloy (c, d)
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Fig. 6 Grain structures of Al-10Si—0.3Mg alloy before and after grain refinement with different master alloys: (a) Without
inoculation; (b) 0.5% Al-Ti—B; (c) 1.0% Al-Ti—B; (d) 0.5% Al-La—B; (e) 1.0% Al-La—B

1.6
1.4} —e— AI-Ti-B
—a— Al-La-B
g 121
£
2 Lo}
£ 0.8}
N
=} . _
g Y \; l
= 04} L= e
A—
02} B 2
0 i L L L L
0 0.25 0.50 0.75 1.00

wi%
Fig. 7 Mean grain sizes of samples with different addition
levels of Al-2La—1B and Al-2.2Ti—1B master alloys

substrate of a(Al), which significantly increases the
nucleation rate to induce the grain refinement. Moreover,
the mean grain sizes of alloys inoculated with Al-2La—B
are smaller than that of alloys refined by Al-2.2Ti—1B
master alloy, under the same mass ratio addition. It can
be concluded that the Al-2La—B master alloy performs
higher refinement efficacy in Al-7Si—0.3Mg.

3.4 Tensile properties

To further analyze the improvement of tensile
properties of Al-7Si—0.3Mg alloy with inoculation by
Al-2La—B and Al-2.2Ti—1B master alloys, the ultimate
strength and elongation with different addition levels of
master alloys are tested (Fig. 8). Owing to grain
refinement, the as-cast tensile properties of Al-7Si—
0.3Mg are improved with the increase of master alloys.
With the same addition, the tensile properties of the alloy
inoculated by Al-2La—B master alloy are higher than
that of alloy refined by Al-2.2Ti—1B master alloy, which

240
(a)
- —A— As-cast 7Si-0.3Mg+Al-La-B R
a8 230} —e— As-cast 7Si—0.3Mg+Al-Ti-B 1
2 —
E |
§ 220+
=2 | ;/}
& 210F /
8
8 }
<
g 200 - //
= % i
190 L. s . \ .
0 0.25 0.50 0.75 1.00
wl%
7.0
(b) .
650 —A— As-cast 7Si-0.3Mg+Al-La-B :
S —e— Ascast 7Si-03MgtAFTI-B
6.0r \

(92
W
T

1

| ;/*

Elongation/%
N (9,
n o

40t A
3.5¢
3.0 . . . .
0 0.25 0.50 0.75 1.00
wi%

Fig. 8 Tensile properties of Al-7Si—0.3Mg alloy with different
addition levels of master alloys: (a) Ultimate tensile strength;
(b) Elongation

is in accordance with the results of grain refinement.
Figure 9 shows fractographs of each tensile samples. In
SO alloy, the fracture surface displays a mixed quasi-
cleavage and dimple morphology. With the inoculation
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(¢) 1.0% Al-La-B

of master alloys, the fracture surfaces are transformed to
complete dimple fracture. In the alloy inoculated by
Al-2La—B master alloy (S6 and S8), the smaller and
deeper dimples with high density uniformly distribute on
the fracture surface, leading to the simultaneous

enhancement of UTS and elongation.
4 Conclusions

1) Three different possible ORs can be predicted
between LaBg4 and Al, calculated by E2EM model, which
are (100)[[(100)ap,. [00110i[[001]iap: (110)a(110)cap,
[001]5[[001 ] and  (1Dafl(11Dap,  [01T]
[011]1ap,, Which are confirmed by TEM analysis. The
results indicate that LaBg has higher nucleation potency
than TiB,. The grain refining efficacy of Al-2La—B
master alloy is apparently better than that of
Al-2.2Ti—1B master alloy in Al-7Si—0.3Mg alloy.

2) With the inoculation of master alloys, the as-cast
tensile properties of Al-7Si—0.3Mg alloy are improved
obviously. In comparison to Al-2.2Ti—1B, the same
addition of Al-2La—B master alloy leads to a higher
tensile property in Al-7Si—0.3Mg alloy, which is
consistent with the results of grain refinement. With
LaBg inoculation, the smaller and deeper dimples with
high density uniformly distribute on the fracture surface,
leading to the simultaneous enhancement of UTS and
elongation.
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