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Abstract: Transition metal impurities such as chromium (Cr) and vanadium (V) in solution deteriorate electrical
conductivity of smelter grade aluminium (Al). These impurities can be removed from solution via boron treatment in
which borides form upon their in-situ reaction with boron (B)-bearing substances. However, Cr removal from smelter
grade Al solution is not well understood. A disagreement related to chromium boride (CrB,) formation in molten Al in
the presence of other transition metals (V, Ti, Zr, Fe) by adding Al-B master alloy has been reported in literatures. This
study presents an effort to understand the mechanism of Cr removal from Al-0.50%Cr—0.50%V (mass fraction) alloy
by adding Al-B (AIB,,) master alloy at 1023 K in the Al alloy solution. Results indicate that Cr removal from molten
Al-0.50%Cr—0.50%V alloy by forming stable borides cannot be achieved at 1023 K; whereas excess of B in the
solution preferentially forms aluminium boride (AlB,) over CrB, during boron treatment of molten Al. The underlying
kinetics of V removal from molten Al—0.50%Cr—0.50%V alloy revealed that early reaction stage is controlled by
[B]/[V] mass transfer through liquid phase and mass transfer coefficient (k,) was measured to be 9.6x10™* m/s. The
later reaction stage was controlled by [B]/[V] diffusion through boride (VB,) ring. This study, therefore, advocates to
investigate alternative ways to remove Cr from molten Al
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(pitch, petroleum coke and bauxite (Al,O3)), cell

1 Introduction

Aluminium (Al) has emerged as a promising
material to replace copper for electrical conductor
(EC) applications particularly in the overhead
power transmission [1,2]. However, a large number
of metallic impurities in smelter grade Al reduce its
electrical conductivity [3,4]. Raw materials used for
Al production contain numbers of transition metal
impurities such as Cr, V, Ti, Zr and Fe. In the
Hall-Heroult electrolysis process, raw materials

materials (refractory linings and carbon cathode),
and others (furnaces, linings and ladles) are
generally considered as primary sources of
impurities in Al [5—8]. Impurity content in Al varies
from 0 to 0.3 wt.%. In cast-houses, smelter grade Al
is treated through a series of refining processes to
remove such metallic impurities [9]. The solubility
limits of various metals in Al and their effects on
the electrical resistivity of Al are shown in Table 1.
It is evident from Table 1 that deleterious effect
of transition metal impurities can be minimized by
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Table 1 Maximum solubility and influence of various
metallic impurities on electrical resistivity of Al at 298 K
by 1% addition in Al solution [3]

Max. solubility/wt.% Resistivity increase with

Element impurities removed from
InAl  In solution solution/(uQ2-cm)
Cr 0.77 4.00 0.18
\% 0.55 3.58 0.28
Zr 0.28 0.28 0.044
Ti 1.0 2.88 0.12
Ni 0.05 0.81 0.061
Fe 0.052 2.56 0.058

removing them from solution state to stable state
(solid phase).

Impurities control is therefore considered to be
critical to produce high quality electrical conductors
and other electrical products from Al Key
strategies might be as follows.

(1) Impurities control at beginning of the Al
production. This includes measures to control
impurities in the raw materials (bauxite and
petroleum coke). This approach has a limitation as
quality of raw material declines with the time [10].

(2) Another strategy is to treat smelter grade Al
in cast-house for removal of the impurities coming
from primary production process (electrolytic
process). In-line fluxing and degassing processes
have been developed to remove alkali and alkaline
earth metals from molten metals [11]. Reactive
impurities (transition metals of Cr, V, Zr, Ti and Fe)
are removed by combining them with another
element that transforms them into stable solid phase
such as borides. Solid inclusions (oxides, nitrides,
borides and carbides) are removed by filtration or
gravity settling. Various Al refining processes have
been reported in Ref. [9].

Generally, transition metal impurities are
removed from smelter grade Al by engineering the
casting conditions in which these impurities
react with boron (B)-bearing substances. This
process is well established and known as boron
treatment [6,12—15]. In this process, various
sources of B such as pure B, aluminium borides
(AIB,) and (AIB);) have been used on a commercial
scale [16—20]. Al-Ti—B master alloys containing
TiB, particles have also been used for grain

refinement of Al alloys [20—22]. Transition metal
impurities in Al solution react with B and form
in-situ borides. These in-situ formed borides are
generally stable and do not re-dissolve in Al during
their processing at 973—1023 K. Removal of the
transition metals from molten Al by adding Al-B
master alloys (AIB,/AIB;) on laboratory and
industrial scales has also been thoroughly
investigated [23—29]. In these investigations, a
combination of thermodynamic modelling and
experimental approaches was adopted. However, a
critical analysis of thermodynamic predictions
under various processing conditions (B content and
temperature) provided concrete foundation for
various experimental studies. For example,
KHALIQ et al [23] investigated the thermo-
dynamics and kinetics of V and zirconium (Zr)
removal from molten Al In their study,
Al-1%V—-0.721%B ternary alloy analysis revealed
that it is feasible both thermodynamically and
kinetically, to remove V from molten Al in the form
of their stable borides (VB,). It was also reported
that overall reaction between [V] and B/AIB;, was
sluggish and could be divided into two distinct
stages, as shown in Fig. 1 [24]. Early-stage reaction
was controlled by [V] mass transfer in the liquid
(Al) phase. Stage I was composed of the first 6 min
starting from Al-B (AlB;,) master alloy addition
into molten Al. The [V] mass transfer coefficient
was measured to be 2.15x10°m/s and reaction
activation energy was measured to be 25.94 kJ/mol
at 1023 K. It was further suggested that Stage II
was significantly slower compared to Stage I and
was preferentially governed by diffusion of [V] and
[B] from VB, solid layer. This could be observed by
thickening of the reaction product layer (VB,), as
shown in Fig. 1. The calculated reaction rate
constant was 1.67x107°s™" that represents mass
transfer through solid phase rather than liquid
phase. The Al-0.5%Zr—0.5%V-0.112%B alloy
studies [28,29] revealed that kinetics of Zr removal
(ZrB, formation) was faster compared to V (VB,
formation) removal from molten Al at 1023 K.
Reaction between [B]/AIB;, and [Zr]/[V] was
incomplete which might be due to undissolved
AlIBy; particles in the Al matrix. It was further noted
that compared to VB,, ZrB, preferentially forms
in molten Al at 1023 K during boron treatment
process.
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Fig. 1 Mechanism of VB, formation in Al-1wt.%V—0.412%B alloy at 1023 K [24]

2 Background of Cr removal from
molten Al

Chromium (Cr) removal from molten Al is
not well understood to date. There are conflicting
observations related to Cr removal in the form of
stable CrB,. DUBE [12] developed a technique to
remove Ti and V as complex borides (V,Ti)B,
from molten Al. In that study, fluxing of the molten
Al with agitation was recommended. However, Cr
removal as Cr-borides was not reported. Removal
of Zr, Ti, V, Cr and Mn from molten Al by adding
boron-bearing substances on industrial scale has
also been developed [30]. However, excess boron
addition was the key finding assuming transition
metal diborides formation in molten Al CrB,
proportion was only 2% while calculating B
addition in molten Al. There was no evidence of
CrB, formation in molten Al or even samples
collected from bottom of the crucible. SETZER and
BOONE [31] reported the effect of Cr content on
electrical conductivity of Al, but no evidence
related to CrB, was reported. It was quantified that
addition of 0.0138 wt.% V, 0.0126 wt.% Cr and
0.0175 wt.% Ti will reduce electrical conductivity
of Al by 1.0% IACS (international annealed copper
standard). Such a decline in electrical conductivity
impedes the utilization of Al for -electrical

Several researchers in
Refs. [13,14,32] proposed reaction mechanisms of
transition metal impurities with B-bearing
substances. Al-B master alloys (AlBy, and AlB,)
were used for removal of Ti, V and Cr in the form
of their stable borides. The decay in transition metal
impurities was logarithmic, thereby the increase
in electrical conductivity was exponential with
reaction time. The sludge collected from bottom of
the crucible contained 45% Ti, 33% V and >10% Cer,
possibly as their borides. Electrical conductivity
increased with the increase of reaction time after
addition of B-bearing substances, which was key
focus of previous researchers. WANG et al [33]
investigated the sludge and action
mechanism of AIB, with commercial purity Al
(99.7% pure). The sludge was composed of a(Al)
matrix, hexagonal particles of undissolved AlB,,
lath-shaped particles of FeAl; and fine clusters of
transition metal borides (Ti, V, Zr and Fe). There is
no evidence of Cr-borides formation in the
sludge. The findings in Ref. [33] disagreed with
those reported in Ref. [29]. KARABAY and
UZMAN [1,2] investigated boron treatment process
on industrial scale and removal of Ti, V and Cr
impurities from smelter grade Al. During the study,
the increase in Al electrical conductivity was treated
as removal of Ti, V and Cr. Fine TiB,, VB, and
CrB, particles were not detected during SEM and

conductor applications.

borides
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subsequent analyses. Only peaks of Si, Ti and B
were possible to be detected during EDX analysis.

Despite several great attempts, removal of Cr
and formation of stable Cr-borides (CrB,, CrB,
Cr;B4 or CrsB3) during boron treatment process are
still not understood very well. In addition, there are
no sound investigations to find out Cr-borides
formation in the presence of V in Al

This study therefore focused on understanding
the mechanism of Cr removal from molten Al by
adding Al-4%B (AlB;;) master alloys in the
presence of V at 1023 K. The structure of this
manuscript was designed as follows: Firstly, a
thermodynamic analysis of Al-B, Al-Cr, Al-V,
Cr-B, V-B was performed and their respective
Al-Cr—V-B phase diagrams were developed.
These thermodynamic predictions provided a
platform for further experimental studies. Then, the
mechanisms of Cr and V borides formation were
discussed followed by the kinetics of AIBj;
reaction with Cr and V. Finally, a reaction
mechanism was proposed based on experimental
findings, and critical analysis was presented based
on the findings of present study and those found in
Refs. [29,30,33].

3 Thermodynamic analysis

The thermodynamic analysis of Al-B, Al-Cr,
Al-V, Cr—B, V-B and Al-Cr—V—B phase diagrams
was discussed in this section. Al-B binary phase
diagram analysis is important to understand thermo-
dynamically stable phases at room temperature.
During boron treatment process, B is added as
Al-4%B, Al-5%B, Al-6%B, and Al-10%B master
alloys. B has a limited solubility (~0.0001 wt.%) in
Al in the solid state. In the liquid state, this
solubility is however 8 times greater than that
reported in Ref. [34]. Al-B binary phase diagram
was investigated earlier in Refs. [35,36]. Al, AIB,,
0-AlB,, [-AlBp, AlByy and S-B are the stable
phases, and y-AlB,, a-B, f-B and B(tetragonal) are
the metastable phases in the AI-B binary system.
Industrially, AlB, and AIB;, based A—B master
alloys as waffles, rods and wires are manufactured
for boron treatment of molten Al. Similar to B,
Cr also exhibits limited solubility in the solid
Al. Al-Cr binary phase diagram is shown in
Fig. 2 [37.,38].
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Fig. 2 Al-Cr binary phase diagram [37,38]

Al, Al;3Cr, (Al;Cr), Al Cry(AlsCr), AlCr,
AlyCry, AlgCrs, AICr, and Cr are the stable phases.
In the Al-rich corner of Al-Cr binary phase
diagram, Al;Cr is the only stable phase at room
temperature. Al—V binary phase diagram analysis
has been reported elsewhere [6]. Al, Al,;V,(AlV),
AlyisVs (AlZV), Al Vs (AlV), ALV, AlVs, AlV;
and V are thermodynamically stable phases at room
temperature [39]. CrB, CrB,, Cr,B, Cr4B, Cr;B;and
Cr;B, are stable borides in the Cr—B binary system.
In the V-B binary system, VB, VB,, VB4, V;B,,
V;sBg and V,B; are possible boride phases at room
temperature. It has been reported that the transition
metal diborides (CrB,, VB,, TiB, and ZrB,) are
more stable phases than their sibling phases [23].
These predictions are based on the Gibbs free
energy minimisation from 650 to 900 °C using
the HSC chemistry thermodynamic software.
Thermodynamic analysis of the Al-0.50%Cr—
0.50%V—-0.42%B and Al-0.50%Cr-0.50%V—
0.73%B systems has been studied earlier [6].
Stoichiometric and 75% excess of stoichiometric B
additions were investigated, which were suggested
in Ref. [6] for efficient boron treatment process.
Figure 3 [6] shows changes in the solutes (V, Cr and
B) and stable borides (VB, and AlB;) equilibrium
concentrations in molten Al with temperature.

The concept of adding excess B during boron
treatment process was tested during thermodynamic
analysis. It was predicted that Cr removal by adding
stoichiometric or excess B in molten Al is not
feasible. There is no evidence of stable CrB,
formation even in the case of excess B in Al
solution. It is predicted that excess B will react with
Al to form AlB, as shown in Fig. 3(b).
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The literature survey [12,29-33] and the
thermodynamic analysis revealed that the CrB,
formation and removal of Cr from molten Al during
boron treatment process are disputed and need
further investigation. Several researchers [30,31,33]
reported the Cr-borides formation during the sludge
analysis. In this study, the removal of Cr from
molten Al in the presence of V was investigated
experimentally. The findings of this study will
provide a platform to manage and control Cr
impurities in the smelter grade Al.
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Fig. 3 Solutes (a) and diborides (b) equilibrium
concentrations in Al-0.50%Cr-0.50%V-0.42%B and
Al-0.50%Cr—0.50%V—-0.73%B alloys (Stoi: Stoichiometric
B addition; Excess: 75% excess B addition) [6]

4 Experimental

4.1 Materials

Materials used in this study were high purity
Al ingots, Al-4%B, Al-20%Cr and Al-10%V
master alloys. The master alloys were acquired
from KBM AFFILIPS, B.V, Netherlands and KB
Alloys, AMG Al, USA. High purity Al (99.90%)
ingots were supplied by the Materials Science

and Engineering, Commonwealth Scientific and
Industrial Research Organisation (CSIRO), Clayton,
Victoria, Australia. Chemical compositions of Al
ingots and Al master alloys were reported
elsewhere [6]. High purity Al contains 0.0027 wt.%
V, 0.0032 wt.% Ti, 0.021 wt.% Fe, and 0.0005 wt.%
Cr. Figure4 shows optical microscopy (OM)
images of Al-4%B and Al-10%V master alloys.
Black particles in Fig. 4(a) are AlBy,, which are in
clusters. These particles vary from ~1 to >100 um.
Contrary to that, AlB, particles exhibit high aspect
ratio. AlB, particle diameters change from 1 to
5 pm and length from 10 to 200 pm. AlB,-based
alloys are used in launders and continuous casting
lines due to shorter reaction time. However,
AlB,-based Al-B master alloys are used in the
holding furnaces where longer reaction time is
allowed. Figure 4(b) shows OM image of AlI-10%V
master alloy, which is composed of Al matrix
reinforced with two distinct intermetallic (IMC)
particles. Al;,V and Al;V are stable phases at room
temperature. Al;V is a primary phase which
precipitates prior to alloy solidification. However,
Al )V precipitates during the later stage of the
solidification. Al-20%Cr master alloy is composed
of Al;Cr, AlsCr and Al,Cr intermetallic phases used
in this study.

Fig. 4 OM images of Al1-4%B (AlB,) (a) and Al-10%V
(AlpV and Al;V) (b) master alloys
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4.2 Experimental plan

A weighed amount of pure Al ingot was firstly
melted in a boron-nitride (BN) coated clay bonded
graphite crucible in a resistance pot furnace as
shown in Fig. 5. Subsequently, Al-10%V and
Al-20%Cr were added in the molten Al at 1023 K.
It was aimed to prepare an Al—0.50%V—-0.50%Cr
molten alloy containing both V and Cr in solution
instead of their Al,oV, Al;V, Al;Cr, AlsCr and ALCr
intermetallic particles. To achieve homogenous
distribution of alloying elements in molten Al,
the mixture was held at 1023 K for 24h and
intermittently stirred manually using alumina rod.
Temperature was controlled within +2 K using a
K-type thermocouple which was inserted in the
molten bath, as depicted in Fig. 5. Weighed
Al-4%B(AlB;) ingots were added in the
Al-0.50%V—0.50%Cr mixture at 1023 K. Molten
alloy samples were taken at 0, 5, 10, 15, 30, 45 and
60 min after adding Al-B master alloy ingots.
Samples were solidified in air and preserved for
further analysis. Experimental plan used in this
study is listed in Table 2. Both CrB, and VB,
phases are assumed to form in the molten
Al—-0.50%Cr—0.50%V—-0.419%B alloy. For this,
required amount of B as Al-B (AlB,,;) master alloy
ingots was prepared and added at 1023 K. The melt
was stirred manually before taking each sample
using steel scoop. If both Cr and V have the same

;-D”J-: Thermocouple

Temperature .
— Graphite
crucible

control panel

Tungsten
heating

elements
I~

Thermocouple
installed
in furnace

Ceramic
insulators

Al melt —]

Crucible
ceramic brick

Fig. 5 Schematic diagram of resistance heating pot
furnace

Table 2 Experimental plan for
Al-0.50%Cr—0.50%V—0.419%B alloy

preparation of

Level of B Melting Temperature/  Sampling
addition practice K time/ min
Resistance 0,5, 10, 15, 30
0 + s~ > B E)
0.419% pot 102342 45, 60

Al-B(AIB),) addition was stoichiometric to Cr and V (assuming
CrB, and VB, formation)

affinity to form their stable borides, they will form
in equal proportion by reacting with B. This will
result in decline in both Cr and V contents in
the Al-0.50%Cr-0.50%V—-0.419%B alloy with
increasing time.

4.3 Characterisation techniques

The alloy samples were analyzed for
Al-B(B/AIB,)/Cr/V reaction product and borides
formation. For microstructural features, polished
samples were studied under an optical microscope
(Leica DM2500) and a scanning electron
microscope (FEI NOVA, SEM), equipped with
energy dispersive X-ray spectroscopy (EDS).
Sample metallography procedure was reported
elsewhere [6]. Changes in Cr and V contents
of the Al-0.50%Cr—0.50%V—0.419%B alloy were
determined using inductively coupled plasma
atomic emission spectroscopy (ICP-AES). For ICP-
AES analysis, boron-treated Al alloy chips were
produced by drilling 5 holes of ~3 mm diameter
at different locations of disc samples of 30 mm
diameter to ensure a representative sample. The
alloy chips (1-2 g) were dissolved in 50% HCI
solution that dissolved Al, Cr and V in solution,
leaving borides particles in the solid residue. The
solution was separated from undissolved borides
particles (CrB,, VB,, AIB,/AIB,,) and analyzed for
Cr and V contents. HNO; addition in HCI solution
will escalate Al alloy dissolution. However, small
amount of borides (CrB,, VB,, AIB,/AIB;) may
also dissolve, which hence were not adopted in this
study.

5 Results and discussion

In this section, the interaction of Cr and V with
[BJ/AIB,, in molten Al was discussed. The change
in reaction product microstructure with reaction
time was observed under OM and SEM. Figure 6
shows OM images of Al—0.50%Cr—0.50%V—
0.419%B alloy melted and held at 1023 K. The
alloy microstructure is composed of IMC particles,
Cr/V/B/AIB,, reaction product, un-reacted AIB,,
and Al matrix. IMC particles are composed of Al,
Cr and V ternary or binary elements. At this stage, it
is not clear whether these IMCs are binary (Al-V,
Al-Cr, V=Cr) or ternary (Al-Cr—V) compounds.
Reaction product is the key feature of Fig. 6, which
suggests reaction between impurity elements (Cr/V)
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and B-bearing substance (AlB;,). It is suggested
that the AlBj, clusters in AlI-B master alloy may
determine reaction product ring size. The reaction
product ring size varies from 50 to more than
200 um. However, IMC particle size varies from 10
to less than 50 um. The reaction product ring
thickness increases with increasing reaction time, as
shown in Fig. 6(b). AlB;, presence inside ring
suggests that reaction between Cr/V and AlBi, is
incomplete and the alloy system is far from
equilibrium.

(a)

by : u : 9

25 um

Fig. 6 OM images of Al-0.50%Cr—0.50%V—-0.419%B
alloy melted and held at 1023 K and different time:
(a) 15 min; (b) 60 min

Theoretically possible reactions during the
boron treatment of Al—0.50%Cr-0.50%V alloy with
[BJ/AIB,, can be written as follows:

AlB 5 =[Al]+12[B] (1)
[Cr+2[B]=CtBy )
ALCriy+2[B]=CrBa+7[Al] 3)
ALCriy+2[B]=CrBs+S[Al] 4)
ALCr+2[B]=CrBy+4[Al] (5)
6[CrH+AIB 5 =6CrBaHAL] (6)
[VIT2[B]=VBy (7)

AligV+2[BI=VBy+10[Al] ®)

A17V(s)+2 [B]:VB2(5)+7 [Al] (9)
6[V]+AIB12(5):6VBQ(5)+[A1] (10)

Here the notion [ ] represents the element is in
solution with molten Al, and (s) is used to represent
the solid phases. Initially, [B] in solution with Al
will react with [Cr]/[V] to form their stable borides
depending on their relative reaction potential in
molten Al. Reactions (2) and (7) are favourable
compared to other reactions. Thermodynamically,
direct chemical reaction of [B] with [Cr]/[V] is
favourable compared to first dissolution of the solid
phases (Al;Cr, AlsCr, AlCr, Al,Y, AlV)
(Reactions (3)—(6) and (8)—(10)) followed by their
chemical reaction. The reacting element [B]
availability is related to the solid AIB,, particles
dissolution (Reaction (1)) in molten Al, which is the
slowest process. Industrially, Al boron treatment
time is determined by the AIB, and AIB,, particle
sizes. This is directly related to the available surface
area for chemical reaction, hence borides formation
in molten Al.

The SEM images of the samples taken after 0,
5, 15, 30, 45 and 60 min are shown in Fig. 7. The
sample taken at 0 min shows undissolved Al, V,
Cr IMC particles in the Al matrix, Fig. 7(a). It is
suggested that these IMC particles precipitate
during solidification process as solubility of both Cr
and V is limited in Al at room temperature. One of
the key features of the Cr and V reaction with AIB,
is the reaction product ring formation as shown in
Fig. 7. The reaction product ring is composed of
(Cr,V) borides, surrounding the undissolved AlB,
particles. Such characteristic boride rings have been
reported in Refs. [26,29] while investigating Zr and
V removal from molten Al. AlFeSi IMC is also
formed in the Al alloy, as shown in Fig. 7(c).
Similarly, COOPER and KEARNS [13] reported
transition metal impurities removal as borides
which form rings during reaction with Al-AlB;;
master alloys. A common feature of boride ring
formation agrees with the previous studies [13,23].
It is, however, not clear whether these borides rings
are composed of the Cr, V or a solid solution of
both (Cr,V)B, borides.

EDS analysis results of sample taken after
45 min of reaction are shown in Fig. 8. The sum
spectrum in Fig. 8(b) confirms Al, Cr, V and B in
the alloy. The V and Cr contents detected are higher
than the initially added contents. This is linked to
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Fig. 7 SEM images of Al—0.50%Cr—0.50%V—0.419%B alloy melted and held at 1023 K and different time: (a) 0 min;

(b) 5 min; (c) 15 min; (d) 30 min; (e) 45 min; (f) 60 min

the reaction with B/AIB;, and Al, Cr, V IMC
formation during the solidification of molten
samples in the selected region. Undissolved black
phase inside the reaction product ring (Point 1) is
composed of Al and B which represent AlBi,
particles/clusters as given in Fig. 8(c). The EDS
analysis of the reaction product ring reveals a solid
solution of Al, Cr and V borides, Point 2 in
Fig. 8(a). The boride ring EDS analysis suggests the
formation of Cr and V borides by reacting with
[B]/AIBy;. The Cr borides formation in molten Al in
the presence of V is not well understood. Al and Cr
are likely to be detected from the base Al matrix
during EDS analysis. A quantitative analysis is
reliable to establish Cr-borides formation in molten
Al-Cr—V-B alloy at 1023 K. The EDS analysis
results of Al, V and Cr IMCs are shown in Fig. 8(e).
It indicates a ternary Al-Cr—V IMC formation
rather than binary Al,,V or Al;Cr, as reported
during thermodynamic analysis in the earlier
section.

Microscopy and EDS analyses revealed that
the following conclusions.

(1) Initially, the reactions between [Cr] and [V]
with [B]/AlB;, were fast. This was observed during
the formation of product ring within the first 5 min
of reaction. Later, the reaction rate declined due to
solid Cr/V boride rings growth which restricted
reactants (B, V and Cr) mass transfer. The boride
ring formation feature is in an agreement with the
previous studies. A marginal increase in boride ring
thickness with time suggests that the later reaction
stage is controlled by mass transfer through the
solid phase rather than the liquid phase.

(2) Undissolved AIB,, particles encapsulated
by the boride ring advocate that the overall reaction
is incomplete. Ideally, AlB;, should dissolve,
release [B] and be consumed with time to form
Cr/V borides. It is noted that the Al—0.50%Cr—
0.50%V—0.419%B alloy is far from equilibrium.
Practical measures including Al bath stirring should
be taken to enhance the AlB;, dissolution rate for
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Fig. 8 SEM image (a) and EDS analysis spectra (b—e) of Al-0.50%Cr—0.50%V—0.419%B alloy sample collected after
reaction for 45 min: (b) Sum spectrum; (c) Undissolved Al—B particles; (d) Reaction product/boride ring; (¢) Al-Cr—V

IMC particles

efficient boron treatment process.

(3) Cr evidence in the boride ring is not
conclusive as results are based on the qualitative
EDS analysis. A quantitative analysis will confirm
Cr-borides formation in molten Al by adding Al-B
master alloy.

Predominantly, the boride ring morphology in
the AlI-Cr—V-B alloys is similar to the Al-V-B
alloy as reported earlier [6]. This points out that
reaction mechanism of [B]/AIB;, might be similar
to that of the AI-V—B alloy [6,23]. However, boride
rings observed in this study are denser than those of
the Al-0.50%Zr-0.50%V—0.115%B alloy [29].

6 Kinetics of Cr and V removal from
molten Al

The kinetics of Cr and V removal from molten
Al was investigated in this section. For laboratory
experiments, it is hypothesized that both Cr and V
will react simultaneously with [B]/AIB;, to form
their stable borides (CrB, and VB,) at 1023 K. As a
result, the decline in Cr and V contents in molten
Al-0.50%Cr—0.50%V-0.419%B alloy will follow
similar trends. Samples collected at regular
intervals were analyzed for Cr and V in solution
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with molten Al by ICP-AES and their change with
reaction time is shown in Fig. 9. Both Cr and V
exhibit entirely different reaction mechanisms with
[BI/AIBy,. Cr contents (0.50%) are unchanged
during reaction time studied (60 min). An increase
in Cr concentration is attributed to dissolution of
solid Al-Cr (Al;,Cr, Al;Cr, Al,Cr) IMC particles.
Overall, there is no change in Cr concentrations
after adding Al-B master alloy, which indicates the
fact that [Cr] does not react with [B]/AlB;, to form
their borides.
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z % Tnitial V and Cr in molten Al
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Fig. 9 Changes in Cr and V concentrations with reaction

time in Al-0.50%Cr—0.50%V—-0.419%B alloy melted at

1023 K

It is worth noting that the current findings

contradict with the results reported in
Refs. [1,2,13,14,26,27]. However, these are in
agreement  with  thermodynamic  predictions

reported in Ref. [27]. The kinetics of V removal
demonstrates two distinct reaction rates in molten
Al, as shown in Fig.9. Phase 1 and Phase 2
respectively represent early stage (0—10 min) and
later stage (10—60 min) of reactions between V and
[BJ/AIB,,. During Phase 1, V concentration drops
from 0.485 wt.% to 0.371 wt.%. Phase 2 represents
slower reaction rate, thereby, V concentration
decreases from 0.371 wt.% to 0.263 wt.%. It is
observed that reaction rate is faster initially when
Al-B master alloy is added to the Al melt
containing Cr and V in solution. Factors such as [B]
in solution and un-reacted surface area of AlB,
facilitate higher reaction rate during Phase 1. [B]
and un-reacted AlB;, will deplete with time in the
Al melt. The boride rings that encapsulate the black
AlIB, particles will provide barrier to [Cr]/[V] mass
transfer to reach AlB;, particles. As a result, it is

expected that reaction rate will slow down with
increasing time.

In addition, AlB,, dissolution and [B] mass
transfer across the boride ring will be obstructed
because of diffusion barrier that increases with the
increase of reaction time. Therefore, Phase 2
exhibits much slower reaction rate than Phase 1. It
is observed that two distinct reaction mechanisms
operate during V/Cr reactions with B/AlB,.
Therefore, these were investigated separately. It is
postulated that Phase 1 reaction is controlled by [V]
and [B] mass transfer in the liquid Al—0.50%Cr—
0.50%V—0.419%B alloy. However, Phase 2 reaction
is controlled by [V] and [B] mass transfer through
the solid phase (boride ring). These hypotheses will
be critically analyzed against established models in
Refs. [20,36,39].

The kinetics of V removal from the smelter
grade Al during industrial boron treatment trials has
been reported earlier [25]. Overall, V reaction
kinetic was faster in early stage of reaction which
slowed down with increasing time. It is advocated
from industrial trials that Cr exhibits different
kinetics compared to V. Moreover, there is no
evidence that CrB,is formed from Cr in the smelter
grade Al.

The Cr and V removal from molten
Al—-0.50%Cr—0.50%V—-0.419%B alloy in the form
of their borides (CrB, and VB,;) is plotted using
the conversion (&) approach which is widely used
during chemical reaction studies. Initially, Cr
conversion is higher due to incomplete Al-Cr IMC
dissolution during melting process. As a result,
0.039% Cr was tied as IMC (Al;,Cr and AlsCr) in
molten Al, which was dissolved with time raising.
There is no evidence of Cr removal from molten
Al-0.50%Cr—0.50%V—-0.419%B alloy, as shown
in Fig. 10. Contrary to that, more than 45% V is
removed from molten Al alloy in the form of their
borides. During Phase 1, 50% of the total V was
converted into VB, borides. The remaining 50%
was removed in 50 min (Phase 2). It is noted that
the reaction rate during Phase 1 is approximately 5
times faster than that during Phase 2.

6.1 Phase 1: Mass transfer through liquid phase
control

It is hypothesised that VB, formation is first

order with respect to V concentration and reaction

rate is controlled by [V] and [B] mass transfer
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Fig. 10 Conversions of Cr and V from Al-0.50%Cr—
0.50%V—-0.419%B alloy at 1023 K

during Phase 1 (0—10 min) in molten Al-0.50%Cr—
0.50%V—0.419%B alloy at 1023 K. Hence, Phase 1
experimental data are plotted against the
mass transfer through liquid phase-controlled
model [24,40], as shown in Fig. 11. The integrated
rate relationship for the liquid phase mass transfer
controlled chemical reactions is given in Eqgs. (11)
and (12):

YIn Z=—kt (In

Y:(V_mj (co—¢.) . z=C
A o Cy—C,

(12)

where Vi, 4 and k are the volume, interfacial area
(AIB;; and V) and reactants mass transfer
coefficient through the liquid AIl-0.50%Cr—
0.50%V—-0.419%B alloy, respectively; ¢ is the
reaction time; ¢, ¢, and ¢ are concentrations of V at
time =0, equilibrium at 1023 K, and at time ¢,
respectively. Interfacial area of reacting species
(AlIBy; in this case), which is continuously changed
with reaction time, is not constant. For convenience,
Al alloy volume (V,,) and interfacial area (V and
AlB);) are assumed to be constant. The AIB,
interfacial area was calculated by counting their
clusters/particles in the Al-4%B master alloy as
reported in Ref. [6]. For kinetics study, similar
approaches have been adopted by the previous
investigators [24,29]. The Phase 1 experimental
data are plotted using integrated rate law (Eq. (11)),
see Fig. 11. The best fit between experimental data
and liquid phase mass transfer-controlled model
confirmed that Phase 1 reaction is controlled by the
mass transfer of [B] and [V] through the liquid
phase. The confidence level of these findings is

99% (i.e., R’=0.99), as reported in Fig. 11.
In addition, mass transfer coefficient (k,) is
9.6x10* m/s, which is also within the range
(107 to 10™* m/s) reported for a typical solid—liquid
reactions [41]. The mass transfer coefficient of [V]
(ky=9.6x10"*m/s) is similar to that reported
earlier [24]. However, these £, values are about 1%
as high as that of [Zr] (kn=1.65x107m/s) as
reported in Ref. [29]. A summary of the mass
transfer coefficients of selected alloy systems under
various processing conditions is given in Table 3.

-1.5
Phase 1
1.6+ . Mass transfer through
N liquid phase model
-1.7¢
-1.8¢
N
= °
= -19r
=201 .
o1k Slope=—k=0.058 m/min "+,
‘ kn=9.6x107* m/s N
20l R?=0.99 e

0 2 4 6 8 10
t/min
Fig. 11 Integrated rate plot for V removal from molten
Al-0.50%Cr—0.50%V—0.419%B alloy at 1023 K from 0

to 10 min of reaction (Phase 1)

6.2 Phase 2: Mass transfer through solid layer

control

It is assumed that the Phase 2 reaction kinetics
is controlled by the mass transfer/diffusion of
reacting species [B]/[V] through the boride ring
(VB,). Solid—liquid diffusion models have been
developed earlier [42—44]. Solid AIB,, particles
dissolution and [V] diffusion through boride ring
are the key steps. Ginstling—Brounshtein (GB) [43]
and Jander [42] models (Egs. (13) and (14)) depict
shrinking of the solid core and formation of
products ring similar to that observed in this study.

1-(2/3)a—(1—0)=k't (13)
[1-(1-a)]*=k't (14)

where a is V conversion from solution into VB,
with reaction time ¢ after the addition of Al-B
(AlIBj;) master alloys into Al-0.50%Cr—0.50%V—
0.419%B alloy melt; &' is the reaction rate constant
that depends on concentration gradients of reacting
species [B] and [V], molar density of the solid
product layer (VB,), and diffusion coefficients
of the reacting species [B] and [V]. An interfacial
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Table 3 Summary of Cr, V and Zr mass transfer coefficients (k) in molten Al

Experiment  Impurity concentration Stirring time/min Stirring energy/(W-t ') K./(m's”')  Source
Laboratory  Cr: 0.50%, V: 0.50% 14 (Natural+manual) 9.72x10 %% 9.6x10"  This study
Laboratory Zr: 1.00% 60 (Induction) 9.32x107? 9.5x107* [28]
Plant trial 17 V: 0.0068% 2 (Light mechanical) 107410 2** 1.08x107*  [25]
Plant trial 17 V: 0.0080% 2 (Light mechanical) 107410 ** 1.32x10*  [25]
Laboratory V: 0.0350% 60 (Induction) 9.32x107? 2.25x1072 [24]
Laboratory V: 0.0350% 60 (Induction+Ar) 9.63x10 2 2.00x10™" [24]
Laboratory V: 1% 60 (Natural convection) 9.72x107%* 2.15x10°° [6]
Laboratory V: 1% 60 (Induction) 9.32x107? 6.2x107* [24]
Laboratory V: 1% 10 (Ar) 3.06x10°° 5.8x107° [24]

*Estimated values of stirring energy by comparing natural and manual stirring mechanisms; **Stirring energy calculated using estimated

melt velocity

area between the solid core and the reaction product
is assumed to be constant in the Jander diffusion
model, hence underestimating the reaction kinetics.
Therefore, the experimental data reported in this
study were not plotted using the Jander model [42].
The GB diffusion model [43] is a better choice for
reaction rate constant prediction in this study. The
left-hand side of Eq. (13) is plotted against the
reaction time ¢ as shown in Fig. 12, which shows
the curve fitting value (R?) of the Phase 2
experimental data of 0.98 and a reaction rate
constant k' of 1.02x10°s™'. A rate constant of
3.42x10°%s™ reported for spinel
formation in the diffusion through solid layer solid—

was ferrite

liquid system. For ZrB, formation in Al-Zr—B

! was

system, a rate constant value of 1.12x107 s
reported. The rate constant values obtained in this
study are in agreement with the values reported
earlier [45]. A disagreement in rate constant values

compared to Al-Zr—B alloy [28] are related to less

0.65

Phase 2
0.64 F .\\ Mass transfer through
h solid layer GB model
’I%‘ 0.63 +
= L
= 0.62 ¢
o
Q “
L o061t o
Slope: 0.000102
g k'=1.02x107¢s"! i
R>=0.98 i
0.59 . . . . .
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Fig. 12 Phase 2 (10—60 min) experimental data plotted
against reaction time by using Ginstling—Brounshtein
(GB) diffusion model

thickness of the boride ring and melting in
induction furnace (higher melt stirring). It was
observed that the Phase 2 reaction kinetic is
controlled by the mass transfer/diffusion of the
reacting species [B] and [V] through the boride ring
(VB,). It also implied that the Phase 2 reaction
might be accelerated by interrupting the boride ring
formation which can be achieved by melt stirring
with inert gas.

7 Mechanisms of Cr and V removal from
molten Al

Based on the thermodynamic, microstructural
and kinetics analyses, a mechanism of Cr and V
removal from molten Al-0.50%Cr—0.50%V—
0.419%B alloy is proposed. The boron treatment
process is divided into six steps as shown in
Fig. 13. Al-B master alloy ingots composed of
AlB,, particles/clusters are added into the Al alloy.
It is assumed that Cr and V are in solution with
molten Al alloy at 1023 K, as depicted in Step 1. A
chilled layer of molten Al develops around Al-B
master alloys and eventually dissolves within few
seconds, releasing [B] and AIB,, particles/clusters
into the molten Al alloy (Step 2). At this stage, B in
solution reacts immediately with [V] and forms
stable VB, particles. Simultaneously, [V] from
molten Al alloy transfers to AIB,, followed by a
chemical reaction and forms VB, particles (Step 3).
These steps are completed within the first 10 min of
reaction and demonstrate faster reaction rates which
are controlled by mass transfer of both [B] and [V]
in the molten Al alloy, as shown in Fig. 11. A solid—
liquid reaction takes over the later stages of the
reaction, see Steps 4—6. Solid AlB, particles are
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Fig. 13 Schematic diagrams of V and Cr interacting with AIB, master alloy

dissolved and reaction product ring (VB;) becomes
thick with reaction time. As a result, the reaction
rate of VB, formation slows down gradually as
designated by the Phase 2. It was noted that
the Cr removal from molten Al—0.50%Cr—
0.50%V—-0.419%B alloy is not feasible by adding
AlB,. The excess [B] in the alloy forms AlB,
particles rather than CrB,. Figure 13 shows only
removal of [V] and formation of VB, particles/rings.
Cr atoms will remain in solution and will react with
Al to form Al-Cr IMC particles (Al;,Cr, AlsCr and
Al,Cr) during the solidification process.

For efficient boron treatment process, it is
recommended to interrupt the boride rings
formation through intermittent stirring of the Al
alloy melt. The chemical reactions (Reactions (1) to
(10)) can be accelerated by [B] and [V] mass
transfer and the boride rings (VB,) breakage. This
would accelerate solid phase (AlB;,) dissolution,
thereby providing fresh [B] for chemical reaction
with [V] to form VB,. A multistage addition of the
Al-B master alloys can promote efficiency of the
industrial boron treatment process.

8 Conclusions

(1) CrB; is the most stable phase compared to
other possible Cr-boride phases (CrB, Cr,B, Cr4B,

Cr;B; and CrsB;) at 1023 K as predicted by the
thermodynamic analysis.

(2) Cr removal from molten Al in presence of
other transition metals (V, Ti, Zr) in the form of
CrB, is not feasible. Excess [B] in molten Al will
form AlB, and VB, rather than CrB, particles
during boron treatment process.

(3) The early-stage reaction is faster between
[V] and [B]/AIB;, and is controlled by the mass
transfer of [B]/[V] through the liquid phase.
The calculated mass transfer coefficient (k) is
9.6x10* m/s, which is within the range of
(10°-10% m/s for the similar solid—liquid
reactions.

(4) The later stage reaction (10—60 min) is
controlled by diffusion through the solid boride ring
(VB,). Experimental data plotted against the
Ginstling—Brounshtein (GB) diffusion model
confirmed the hypothesis. The rate constant for this
phase is 1.02x107°s™', which is within the range
(1.67x107° s7") for similar systems.

(5) Overall, kinetics of V removal from molten
Al in the presence of Cr is in agreement with the
earlier work. The current study findings support the
argument that Cr does not play a significant role
by reacting with [B]/AIB;, during boron treatment
process.

(6) Finally, a reaction mechanism of boron
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treatment process of molten Al for the removal of
Cr and V is proposed in this study. It is identified
that Cr does not affect the kinetics of V removal
from molten Al.
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W OE: IBEPRECH UV SRR 2 R IA BB AR S5 XA AT 5 5 B K AR R
LR ST S, R AT DLOE S AR FE R R A R i 2 T . SR, X TR R AR B R R R M AN 2 . SOk
RTPEFHAMLELIRNV, Ti, Zr, FFTERIFMT, HBRETIIMN Al-B BE4 &1L ES (CrBy) K BAFAE 4
B, ARWFRAE 1023 K FESESSBAFMA AI-BAIB ) BE4, #1T Al-0.50%Cr—0.50%V (i &4 50 & & %4
FIPLEE, 455REH, 7 1023 K F, TkE R E FILy W IEREIE Al-0.50%Cr—0.50%V &4 H ks . 7E0E
AR AT FE AR, R RIT R B MR RIIILES(AIB,), MiARZ CrBy. MJAFRE Al-0.50%Cr—0.50%V &4
T BRSNS R, WSS BEFH[BY [VIRAAE 2], A5 B R 3 (ko) M 9.6x10™ m/s;  JiF 1 s 2B B
Z[BY[VERIT (VBRI Bz d . Rk, RIS P RS B R 7%,
T8 WALFE, 4R, CrB,; VB, % shfi
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