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Abstract: The effect of boron content on grain refinement of commercially pure aluminum by Al-5Ti—1B was
quantitatively assessed. When the boron content is less than 0.03 wt.%, the refining performance of Al-5Ti—1B
gradually is weakened as the boron content increases, which is attributed to the reaction of boron with the Al;Ti
interlayer on TiB; and the consumption of solute Ti. On the contrary, when the boron content exceeds 0.03 wt.%, the
refining performance of Al-5Ti—1B gradually recovers with increasing boron content, which is related to the formation
of primary AlB; particles that provide additional nucleant substrates.
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refining grains according to the Hall-Petch

1 Introduction

Owing to the low density, excellent electrical
conductivity and good formability, aluminum alloys
have been widely used to produce electric wires and
cables [1-3]. Unfortunately, the transition metal
(TM) elements such as V, Ti, Cr, and Zr usually
serve as impurities in commercially pure aluminum,
causing severe lattice distortion of Al metal matrix,
which increases electron scattering and damages
electrical conductivity [4,5]. As an economical and
time-saving way, boron treatment is widely used to
improve the conductivity by converting these
impurities into non-metal borides [6].

Alloy strength, which can be improved by

relationship [7,8], should also be considered for the
application of aluminum alloy wires. It has been
reported that the combination of grain refinement
and boron treatment can improve the mechanical
properties and electrical conductivity of Al alloys
simultaneously [9,10].

The addition of AIl-5Ti—1B grain refiner,
containing TiB, particles and solute Ti, has been
commonly used to obtain a fine grain size in
aluminum industry for decades [11—13]. Normally,
the grain size of commercial aluminum can be
reduced from millimeter scale to ~200 pm with
only 0.1 wt.% AIl-5Ti—1B addition [14]. It is well
accepted that TiB, is a potent nucleant particle
to promote heterogeneous nucleation, which is
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considered to be the main reason of the
refinement [15—18]. Moreover, excessive Ti is also
essential for grain refinement due to its strong
segregation  ability [17], which  provides
constitutional supercooling and restrains grain
growth [19]. As reported by FAN et al [12] and LI
et al [20], the enriched layer of Ti atoms was
observed and Al;Ti two-dimensional compound
(2DC) was formed on the surface of TiB, particles
during nucleation. According to the Bramfitt’s
equation [21], the lattice mismatch degree between
Al3Ti and a(Al) is only 0.9%, which is far less than
that between TiB, and a(Al) (5.9%). As suggested
by HIRATA and HIRANO [22], nucleation can be
easier because of the lower interfacial energy
caused by the lower lattice mismatch. Evidenced by
other studies, Al-Ti—B grain refiners can hardly
refine the grains of pure aluminum without
excessive solute Ti [13], which further explains the
important role of solute Ti during refinement.
However, boron treatment may reduce solute Ti in
melt and impair the grain refining effect
significantly, which occurs frequently in industry
practice but has not been given sufficient attention.
In this study, quantitative assessment of B content
on the performance of Al-5Ti—1B grain refiner was
conducted and its underlying mechanism was
discussed. This work contributes to understanding
the grain refinement mechanism of Al-5Ti—1B
refiner for Al alloys containing trace boron.

2 Experimental

2.1 Casting

Seven aluminum alloy ingots containing
different B contents (1*: 0B, 2*: 0.005 B, 3*: 0.01 B,
4%.0.02 B, 5%: 0.03 B, 6": 0.05B and 7*: 0.1 B, in
wt.%, if not stated otherwise) were prepared using
commercially pure aluminum (CP-Al, 99.7% purity)
and Al-3B master alloy in a resistance furnace. The
CP-Al and the Al-3B master alloy were melted
at 730°C and held for 1h firstly, then 0.2%
commercial Al-5Ti—1B rods (9.5 mm in diameter,
provided by Aleastur Company in Spain) enveloped
within an aluminum-foil was added to the melt at
730 °C and held for 10 min. Subsequently, the melt
was stirred with a graphite rod for 30 s, poured into
a Reynolds standard golf tee mold (Fig. 1)
preheated at 200 °C and cooled in the air. In this
work, excessing Ti and B in the melt were provided

by Al-5Ti—-1B and Al-3B master alloys,
respectively. Inductively coupled plasma (ICP) was
used to determine the actual chemical compositions
of the ingots, and the results are shown in Table 1.
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Fig. 1 Sketch of Reynolds standard golf tee mold
(unit: mm)

Table 1 Actual chemical compositions of ingots (wt.%)

Sample Ti B Al
1# 0.0089 0 Bal.
2# 0.0096 0.0053 Bal.
3* 0.0112 0.0108 Bal.
4* 0.0108 0.0225 Bal.
5% 0.0093 0.0316 Bal.
6" 0.0096 0.0524 Bal.
7* 0.0099 0.1035 Bal.
2.2 Metallography

The section at a distance of 51 mm from the
bottom of the ingot was polished and etched with
Keller reagent (5 mL HF + 20 mL HCl + 20 mL
HNO; + 20 mL H,O) to observe the macrographs.
The pixel analysis method in Photoshop software
was used to measure the proportion of the equiaxed
crystal region in the macrographs. And the
specimens for microstructure analysis were
obtained by anodic oxidation in 2.5 vol.% HBF4
solution and observed with an OLYMPUS
polarizing microscope. In order to ensure the
accuracy, 10 areas were randomly selected from the
micrographs to measure the average grain size of
equiaxed regions.

2.3 Thermodynamic calculation
In order to determine the existing forms of Al,
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Ti and B in the melt, the calculation of AI-Ti—B
ternary equilibrium phase diagram was performed
using the Pandat software.

2.4 Characterization

To determine the binding state among elements
in CP-Al ingots containing 0.02% B and 0.03% B,
X-ray photoelectron spectroscopy (XPS) analysis
was conducted. In order to extract particles in
the ingots for XPS analysis, 100 g samples with
different B contents were immersed in 20 vol.%
HCI solution for 50 h to ensure the dissolution of Al.
A scanning electron microscope (SEM, Quanta—
200) equipped with an energy dispersive X-ray
spectroscope (EDS) was used to identify the
composition of particles in ingots.

3 Results and discussion

3.1 Metallographic observation

Figure 2 clearly presents the macrographs
of aluminum ingots containing different B
contents inoculated with 0.2% AI-5Ti—1B and

corresponding optical micrographs of the central
region. The measured proportions of the equiaxed
grain area to the total area, and average equiaxed
grain sizes of the aluminum ingots with different B
contents are shown in Fig. 3. In all cases, an inner
equiaxed grain region is surrounded by an outer
columnar grain region, but different contents of B
element change the relative area percentages of the
equiaxed grain regions dramatically. With the
increase of B content (up to 0.02%), the areca
proportion of equiaxed crystal decreases remarkably,
while the average equiaxed grain size increases
significantly, as shown in Figs. 2(a—d) and Fig. 3. In
the case of 0.02% B, it exhibits a nearly complete
columnar macrostructure as shown in Fig. 2(d),
indicating that the columnar to equiaxed transition
(CET) was inhibited by B addition. However, with
further increase of B content to 0.1%, the equiaxed
grain zone is enlarged while the average equiaxed
grain size decreases gradually, as shown in

Figs. 2(e—g) and Fig. 3, showing that the CET tends
to be easier when the B content increases above
0.03%.

Fig. 2 Macrographs and micrographs of CP-Al ingots showing effect of B content on grain refining efficiency of
Al-5Ti—1B: (a) 0% B; (b) 0.005% B; (c) 0.01% B; (d) 0.02% B; (e) 0.03% B; (f) 0.05% B; (g) 0.1% B
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Fig. 3 Evolution of proportion of equiaxed grain area to
total area, and average equiaxed grain size with different
B contents

3.2 Thermodynamic calculation

In order to determine the binding state among
Al, Ti and B at 720 °C, the standard Gibbs free
energies of formation (AG) for the compounds
(TiB,, AlIB, and Als3Ti) were obtained from the
previous report (Table 2) [23]. It can be seen that
the order of AG is TiB2<AIB,<AlTi<0,
indicating that Ti and B are much easier to form
stable boride TiB; in the Al-Ti—B ternary system.
The excessive B in the melt comes from the Al-3B
master alloy. After the Al-5Ti—1B refiner is added
to the melt, Al;Ti is dissolved and excessive Ti is
released into the melt [23]. Since the Gibbs free
energy of TiB, is more negative than that of AlB,
and AlsTi, Ti in the melt tends to combine with B to
form TiB..

Table 2 Comparison of Gibbs free energies of formation
(AG) for TiB,, AlB, and Al;Ti at 720 °C [23]

AlTi AlB; TiB,
—128 —-155 —342

Compound

AG/(kJ-mol™)

In order to further determine the existing forms
of Al, Ti and B in the ternary system at 720 °C,
phase diagram calculation was performed. In our
experiments, the only source of Ti in aluminum
is the Al-5Ti—1B refiner, and the final Ti content
is ~0.01%. It can be seen from Fig. 4 that TiB: is
stable in the melt. When the B content reaches
~0.03%, AlIB:; is formed as the primary phase in the
melt.

TiB,+Liquid
20 40 60 80

100

AIB,+TiB,+Liquid

0 a1 0.1 0.2 B
B content/wt.%

800 ©
TiB,+Liquid
700 AlIB,+TiB,+Liquid
&
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£ TiB,+a(Al)
5
[}
g 500f AIB,+TiB,+a(Al)
&
400
300 ' '
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Al-0.01Ti B content/wt.% B

Fig. 4 Thermodynamic calculation results of Al-Ti—B
(a) Ternary phase diagram of Al-Ti—B;
(b) Enlarged diagram of Al-richened corner in (a);
(c) Vertical section at 0.01% Ti

system:

3.3 Effects of boron on grain refinement
3.3.1 Boron content lower than 0.03%

As reported by FAN et al [12] and LI
et al [20], the enriched layer of Ti atoms was
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observed and Al;Ti (2DC) was formed on the
surface of TiB, particles during nucleation.
According to the Bramfitt’s equation [21], the
lattice mismatch degree between Al;Ti and a(Al) is
only 0.9%, which is far less than that between TiB,
and a(Al) (5.9%). As proposed by TURNBULL and
VONNEGUT [24], the nucleation undercooling AT,
is related to the lattice mismatch d, expressed by the
following equation:

ar, = Ce
AS,,

6° (1)

where Ck is the coefficients of elasticity, and ASvis
the entropy of phase transition per volume. It can be
inferred that the enrichment of Ti at the interface
between TiB, and Al promotes the nucleation.
When the B content is less than 0.03%, excessive B
exists in the melt in the form of B atoms. The
reaction between B and Ti atoms may destroy the
enriched layer of Ti atoms and inhibit the formation
of AlTi (2DC) on the surface of TiB, particles,
resulting in the deterioration of nucleation ability of
TiB..

On the other hand, the growth restriction effect
of Ti element is also one of the factors affecting the
refining effect of the Al1-5Ti—1B master alloy. The
effect of solute elements on grain growth can be
quantitatively expressed by the growth restriction
factor QO [17,18,25,26]. The value of Q is related to
the liquidus slope m and the equilibrium partition
coefficient £ [19,25,27]:

O=mCo(k—1) (2)

where Cj is the element composition in wt.%.

Table 3 [19,28] gives the relative Q values of
Ti and B elements at the same Cy. The Q value of
element Ti is two orders of magnitude higher than
that of element B under the
concentration. When the Al-5Ti—1B refiner was
added to the melt containing boron, due to the
stability of TiB,, a part of B atoms reacted with the
excessive Ti solute to form TiB, and thus the total
value of Q was reduced. Therefore, as the B content
increased up to 0.02%, the decrease in both the
nucleation ability of TiB, particles and the growth
restriction effect of solute led to the reduction of
equiaxed crystal area, as shown in Figs. 2(a—d).
3.3.2 Boron content higher than 0.03%

It is worth noting that the refining performance
of A1-5Ti—1B gradually recovers when the B

same solute

Table 3 Comparison of relative values of O for Ti and B
elements at the same Cy

Liquidus  Equilibrium distribution
Element . my(k—1)
slope, my coefficient, &
Ti[19] 333 7.67 222.1
B [28] —34.2 0.45 18.8

content is higher than 0.03% (Fig. 2). Based on the
phase diagrams in Fig. 4, AlB, appears as the
primary phase crystallized from the melt when the
B content is higher than 0.03%. As shown in Fig. 5,
the XPS results show that only Ti—B peak [29] and
O—B peak [30] exist in the sample with 0.02% B,
while Al—B peak [30] appears in the sample
containing 0.03% B, indicating the presence of
AlIB> when the content of B exceeds 0.02%. The
O—B peak may be caused by incomplete cleaning
during extraction.

Since TiB, is more stable than AIB; in the
Al-Ti—B ternary system, when Al-5Ti—1B is added
into AI-B melt (B content >0.03%), excessive Ti in
Al-5Ti—1B may react with AIB; in the following
order:

(2)
— Raw intensity B,0,
—— Peak sum 192:1 eV
Background
B—0
— Ti—B

TiB,
187.05 eV

=

N N
'w L V‘

182 184 186 188 190 192 194 196
Binding energy/eV

(b) — Raw intensity

— Peak sum
Background
B—0O

— Ti—B

— Al—B

TiB,
187.25 eV

B,0,
192.1 eV

182 184 18 188 190 192 194 196
Binding energy/eV

Fig. 5 XPS binding energy spectra for extracted particles
from 0.02% B (a) and 0.03% B (b) samples
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AlB,+Ti—(ALTi)B, (3)
(Al,Ti)B2+Ti—>TiB2+A1 4)

where (ALTi)B, exists in the melt as the
intermediate product of AIB, — TiB, reaction.

Figure 6 shows that the particles aggregate at
the bottom of the 0.1% B sample, in which Ti
signals were detected with EDS. The particle size in
Fig. 6 is 20—30 pm, which is obviously larger than
the size of TiB, particles in the AI-5Ti—1B refiner,
indicating that those coarse particles are not TiB,.
Based on the above analysis, we deduce that the
particles in Fig. 6 are AlB, and the intermediate
phase (Al Ti)B,. Different from the direct reaction
of solute Ti with B in the case of B content lower
than 0.03%, Reactions (3) and (4) are very slow
kinetically. Therefore, the consumption of Ti solute
and the reaction between the AITi intermediate
layer and B at nucleation interface may be
weakened, which is helpful for the recovery of
refinement effect.

Previous studies [31—33] have reported that
AlIB; can refine aluminum alloys when the B
content increases above 0.022%. As shown in
Fig. 7(a), the Al-3B master alloy contains AlB;
compound. In order to study the refinement effect
of AlB, on CP-Al, the macrostructure of CP-Al
refined by the Al-3B master alloy containing AlB»
particles was observed. Figure 7(b) shows that the
Al-3B significantly reduces the grain size of CP-Al.
According to the Bramfitt’s equation [21], the
lattice mismatch degree between AIB; and a(Al) is
~5.24%, close to that between TiB, and a(Al),
which indicates that AIB:; is also a potent nucleation
site for a(Al).

In the current work, the size of AlB, or the
intermediate (Al, Ti)B; is 2—30 um (Fig. 6), which is
much larger than TiB; in the Al-5Ti—1B (Fig. 8).
GREER et al [11] proposed the following free
growth model:

AT, , =405 [(AS\d,) (5)

where ATc, represents the critical nucleation
undercooling, ost is the solid—liquid interface
energy, and d, is the particle diameter. Assuming
the nucleation undercooling for AIB; or (Al,Ti)B; is
close to that for TiB,, the a(Al) crystals will
preferentially nucleate on larger particles, so AlB»
or (AL,Ti)B, acts as the nucleation substrate first.
Therefore, the existence of AIB, or (Al Ti)B;
particles causes the recovery of refining effect when
the B content is higher than 0.03%.

Based on the above analysis, the underlying
mechanism of boron on the grain refinement of
aluminum by Al-5Ti—1B can be demonstrated in
Fig. 9. Normally, as shown in Fig. 9(a), TiB;
particles with Al;Ti interlayer act as potent nucleant
substrates, and excessive Ti inhibits grain growth,
which contributes to excellent grain refinement of
CP-Al without B. When the B content is lower than
0.03%, the increase of B content weakens the
refining effect of Al-5Ti—1B on CP-Al, because the
doping of B on the AlsTi interlayer leads to the
increase of lattice mismatch between AIsTi and
a(Al) and impairs the nucleation ability of TiB,
particles. In addition, a part of B reacts with
excessive Ti solute in the melt and weakens the
grain growth restriction effect of Ti, as shown in
Fig. 9(b). However, with further increase of B
content larger than 0.03%, the occurrence of AlB»

% | Element at Element at Element at
Point1  WL% Point3  WL% Point4 ~ WL%
Al 99.33 Al 91.51 Al 97.27
Ti 0.26 Ti 0.71 Ti -
B 0.41 B 7.78 B 2.73
Element at Element at Element at
Point 5 wt.% Point 8 wt.% Point 11 wt.%
Al 97.80 Al 91.89 Al 99.24
Ti - Ti 0.41 Ti 0.18
B 2.20 B 7.70 B 0.58

Fig. 6 Morphology and point energy spectrum results of particles at bottom of 0.1% B sample cooled in furnace
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Fig. 9 Schematic diagrams showing mechanism of boron
on nucleation of a(Al) in Al melt containing 0.2%
Al-5Ti—1B refiner: (a) Without B; (b) B content lower
than 0.03%; (c) B content higher than 0.03%

or the intermediate (AL Ti)B, particles provide new
substrates for the nucleation of aluminum, as shown
in Fig. 9(c), resulting in the recovery of grain
refinement of CP-Al.

4 Conclusions

(1) When the B content is less than 0.03%,
with the increase of B content, the area proportion
of equiaxed grain decreases while the average
equiaxed-grain size increases. On the contrary,
when the B content exceeds 0.03%, the grain
refining effect of Al-5Ti—1B gradually recovers
with further increase of B content.

(2) The main reason for the deleterious effect
on grain refinement in the case of boron content
lower than 0.03% is that the nucleation ability of
TiB, particles is deteriorated due to the reaction
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between B and Al;Ti interlayer on TiB, particles
and the growth restriction effect is weakened due to
the consumption of solute Ti by B.

(3) The recovery of grain refining performance
of Al-5Ti—1B in the case of boron content higher
than 0.03% is mainly attributed to the formation of
AlIB; or intermediate phase (Al Ti)B, acting as
nucleant substrates.
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3. AR Almate A ER2A A, IR 5181025
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i E: EEURAMEEX Al-STi—1B giik Tikaitam

mi, BFFKIL, 4 B EEKT 0.03% (JRESHOR,

Al-5Ti—1B 4L PERERE B & & A3 0w i@l 55, X2 M T B 5 TiB2 L/ ALTi 18] 2 KA OB L R i i i
JTi HIVEFE. A, M B & EHIT 0.03% (RESF), Al-5Ti—-1B FI4RiLHREREE B & &GN iE Wik &,
X5k d AIB2 PRI R 2%, AlB2 Bk N a(A)KITEAZIRBEESMUTEAZAZ O o
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