el 4

es Science

Available online at www.sciencedirect.com

“s.“ ScienceDirect

Transactions of
Nonferrous Metals
Society of China

EEVIER Press Trans. Nonferrous Met. Soc. China 33(2023) 28432852

www.tnmsc.cn

Impurity distribution in preparation of
high-purity aluminum by vacuum zone melting

Meng-ping DUAN"234, Jin-yang ZHAO"*3#, Bao-qiang XU"?3, Ling-xin KONG'?34,
Bin YANG"2%* He-li WAN!234 Cheng-cheng FU?

1. National Engineering Research Center of Vacuum Metallurgy, Kunming University of Science and Technology,
Kunming 650093, China;
2. Faculty of Metallurgical and Energy Engineering, Kunming University of Science and Technology,
Kunming 650093, China;
3. Key Laboratory for Vacuum Metallurgy of Non-ferrous Metals of Yunnan Province, Kunming 650093, China;
4. State Key Laboratory of Nonferrous Metal Resources Clean Utilization in Yunnan Province, Kunming 650093, China

Received 29 March 2022; accepted 14 July 2022

Abstract: A novel vacuum zone melting process for preparing high-purity Al was proposed. The axial segregation of
impurities was investigated by determining the equilibrium distribution coefficient. Theoretical and experimental results
showed that impurities (Cu, Si, and Fe) with an equilibrium distribution coefficient ko<1 accumulated in the tail of the
Al ingot, while Ti (ko >1) accumulated at the head end of the ingot. When the molten area moving at 1.5 mm/min and
zone melting was performed 15 times, the removal rate of the impurities and the purity of Al were the highest. In the
middle of the Al ingot, i.e. 140 mm away from the head end of the sample, the removal rates of Cu, Fe, and Si were
higher than 90%, that of Ti was higher than 75%, and the Al content was higher than 99.999%. The purity of the Al

samples met the requirements of the commercial 99.999% (5N) high-purity Al standard.
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1 Introduction

As a basic material, high-purity Al exhibits
higher conductivity, thermal conductivity, corrosion
resistance, and lower magnetic conductivity than
raw Al, and is widely used to prepare electrolytic
capacitors and metals or alloys for aerospace
applications [1]. With the rapid development of the
aerospace industry, the domestic demand for
high-purity Al is also increasing. The State Council
issued the comprehensive work plan for energy
conservation and emission reduction in the 14th
Five Year Plan, which pointed out that it is

necessary to further improve the policy mechanism
for energy conservation and emission reduction,
promote the substantial improvement of energy
utilization efficiency and the continuous reduction
of the total emission of major pollutants. Therefore,
it is necessary to identify a clean and efficient
method to prepare high-purity Al.

The zone melting method was invented by
PFANN [2] in the middle of the 20th century. It was
originally used to purify germanium. This method
has evolved over the last 60 years, and has been
widely used to prepare high-purity metals and
some rare-earth metals [3—5]. Moreover, the zone
melting method offers economic and environmental
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advantages because it 1is solely a physical
purification method. Zone melting is also the
primary method used presently for preparing
ultra-high-purity Al [6].

The distribution characteristics of impurities
and the microstructures of Al are determined by the
temperature distribution and travel speed of the
molten area during zone melting process [7,8].
Therefore, the heat transfer characteristics merit
further study. Some researchers [9,10] have focused
on the simulation of the purification process, and a
few experimental studies have focused on the
preparation of high-purity Al by zone melting [11].
CHEUNG et al [12] conducted simulations using a
numerical model capable of predicting the solute
redistribution at any stage in the melting step of
multi-pass zone melting, and found that the
optimization of the zone melting of Al was
affected by a variable & (termed the “distribution
coefficient”). However, that study only compared
the simulation and experimental results under the
same experimental conditions, and did not report
the migration and distribution of impurities at
different zone melting times and different travel
speeds of the molten area. WANG et al [13] used
code to obtain analytical solutions via a data
transfer from global modeling. The simulation
results indicated that the Marangoni convection
and forced convection of the crystal rotation
purification efficiency of crystal rotation is
indistinctive in the zone remelting purification
process. Additionally, SPIM et al [14] simulated the
zone melting of aluminum using a simulation model
that simulated the distribution of impurities with
different melting zone widths and travel speeds.

In this study, the migration and distribution
behaviors of impurities at different zone melting
times and travel speeds of the molten area were
investigated under vacuum conditions. Impurities
(Cu, Si, and Fe) with an equilibrium distribution
coefficient of &y < 1 accumulated in the tail of the
Al ingot, while Ti (ko > 1) accumulated at the head
end of the ingot, and 5N Al was prepared. The
purification of Al under vacuum conditions can
facilitate the volatilization of some impurities,
prevent contamination by impurities, and prevent
the loss of heat by the inert gas. This study provides
experimental data and guidance for the preparation
of high-purity Al by vacuum zone melting.

2 Experimental

2.1 Materials and procedure

The raw Al sample was a cuboid (length
L=40 mm, width W=17 mm, and height /=15 mm),
in which the impurity content was uniform. To
avoid contamination from the material surface,
during the experiment, the sample surface was
polished in a mixed solution of ethanol and
hydrochloric acid, then rinsed with ethanol, and
placed in a graphite boat (L=300 mm, W=20 mm,
and H=20 mm). The graphite boat was placed in a
transparent quartz tube, and then heated using a
magnetic induction heating coil. The graphite boat
conducted heat to the Al ingot to realize the melting
and flow of the ingot. The experimental apparatus is
shown in Fig. 1; the content of each impurity
element in the raw material is listed in Table 1.

Temperature measurement

Graphite crucible .

Heating coil

Vacuum
pump

i

Fig. 1 Schematic of zone melting furnace

Table 1 Composition of raw materials used in
experiments (mg/kg)

Al Cu Si Fe Ti
99.9948 9.3434 89569  6.3435  1.2628
Se Cl P S Mg  Others

2.1 1.9269 6.3172 3.5452 84  3.8035

*wt.%

At the beginning of the experiment, the
magnetic induction heating coil was fixed at 40 mm
from the right end of the crucible to ensure the
stability of the temperature field during the
experiment. When the system pressure was reduced
to 5x107! Pa, the power of the zone melting furnace
was slowly adjusted to 2 kW. Subsequently, the
power was increased to 5 kW after increasing the
temperature to 450 °C. The magnetic induction
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heating coil was slowly moved from the right to the
left after the Al ingot melted at 680 °C. The heating
and coil movement were stopped when the coil was
40 mm from the left end. The coil was then returned
to the starting position to begin the next run of
melting after decreasing the temperature to 25 °C.

The product was subsequently removed for
component analysis after the completion of
purification.

2.2 Chemical analysis

The purified Al sample was cut by wire cutting;
the length of the cut sample was 40 mm, which was
the same as the width of the molten area.
Subsequently, the surface of the segmented sample
was sequentially cleaned using a 20% NaOH
solution, deionized water, and alcohol, and polished.
Finally, glow discharge mass spectrometry (GDMS,
Element GD) was employed to analyze the main
impurity content in the purified sample. The
composition of the samples at different positions
was analyzed. Figure 2 shows the sample analysis
procedure.

.
Alingot mmmm) g =) n

Surface cleaning  Zone melting

el L1

GDMS analysis  Surface treatment Wire cutting

Fig. 2 Schematic of sample analysis procedure

Figure 3 shows a schematic identifying the
analysis points on the samples. The principle of
GDMS is to use the measured sample with flat
surface as the cathode of glow discharge, the
sample produces cathode sputtering in DC or RF or
pulse glow discharge device, and the sputtered sample
atoms leave the sample surface and diffuse into the
plasma [15,16]. Through the mass-to-charge ratio
of each element and the strength of the response
signal, qualitative and quantitative analysis of the
element to be analyzed was carried out [17]. A
high-purity Al standard sample was used to
calibrate the GDMS parameters so as to ensure
accuracy of the test results. Relative Standard
Deviation (RSD) was employed to analyze the
analysis precision of the results. The value of RSD

was obtained by dividing the standard deviation by
the corresponding average value multiplied by
100%. The value of RSD was in the range from 1%
to 10% in this work.

i Head end

1

r | =
i o e !

s 1 L=
€773

40 mm

Fig. 3 Analysis points of samples
3 Results and discussion

3.1 Theoretical analysis

Zone melting separates impurities generated
during continuous local melting and solidification
by utilizing different solubilities of the impurities in
the solid-liquid phase of the main metal [18,19].
When the metal is melted in a high-purity graphite
crucible, a part of the material in the crucible is
in a state of solid-liquid coexistence [20,21]. The
solubilities Cs and C of different impurities in the
solid-liquid phase are different, and the ratio of C;
to () is defined as the equilibrium distribution
coefficient, ko [22—24]. However, in the experiment,
the equilibrium distribution coefficient is not only
determined by the solubility of impurities between
solid and liquid, but also affected by the moving
rate of molten zone and the thickness of boundary
layer, which 1is called effective distribution
coefficient (ker). The relationship between ke and
ko can be expressed as

k= ko
Tk, +(1—ky Yexp(—vS /D)’

where D is the impurity diffusivity in the melt, J is
the thickness of the diffusion layer adjacent to the
solidification interface (outside this, convection is
assumed to produce a uniform liquid composition),
and v is the travel speed of the molten area. ko is
assumed as a non-variable in this study. The main
impurities in Al and the value of ko are shown in
Table 2.

Table 2 Equilibrium distribution coefficients of some
impurities in aluminum

Impurity Cu Si Fe Ti

ko 0.140  0.100  0.023  9.800
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Impurity elements with ko < 1 are concentrated
in the liquid phase of Al and can be removed by
zone melting. If the molten zone moves slowly
from the left to the right, impurities with ky < 1 will
gradually move to the right along with the molten
zone, and finally accumulate at the end of the
sample, as shown in Fig. 4.

Heater

o « Cu
2 Impurities ® Si
5 O S.. o OFe
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g . oTi
o . . . .
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0 ¢ ¢ C
Impurity content

(@) (b)

Fig. 4 Relationship between impurity content and

Zone melting direction

temperature in solid and liquid phases (a) and schematic
showing zone melting and impurity migration (b)

3.2 Effect of travel speed of molten area

The main impurity requirements to meet the
commercial 5N high-purity Al standard are listed in
Table 3.
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Table 3 Impurity content standard of 5N aluminum

Impurity Cu Si Fe Ti
Content/(mg-kg™) 0.5 1.0 1.0 0.5

The effects of the travel speed of the molten
area on the impurity distribution were investigated
based on the impurity content in the raw materials.
Figure 5 shows the impurity distribution after 15
times of zone melting under different travel speeds
of the molten area. The contents of Cu, Si, and Fe in
the sample gradually increase along the axial
direction of the ingot. They are significantly
influenced by ko, and the values of which are 0.14,
0.1, and 0.023 for Cu, Si, and Fe, respectively.

Figures 5(a) and (b) show that the impurities
Cu and Si are transferred with the molten area and
enriched in the sample tail (220 mm from the head
end); this phenomenon is significantly affected by
the travel speed of the molten area. The impurity
content in the same part significantly decreases
when the travel speed decreases from 4.6 to
0.7 mm/min. The impurity contents at 140 mm
from the head end of the sample are the lowest. The
contents of Cu and Si in the sample at this location

18
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Fig. 5 Main impurity contents in sample at different zone melting speeds: (a) Cu; (b) Si; (c) Fe; (d) Ti
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decrease to 0.9281 and 1.1325 mg/kg, respectively,
at a travel speed of 1.5 mm/min, and 0.5334 and
0.7968 mg/kg, respectively, at a travel speed of
0.7 mm/min. The composition curves of Cu and Si
at these two travel speeds almost coincide. This
result shows that after 15 times of zone melting at
1.5 mm/min, the migration of impurities reaches
equilibrium, a continuous reduction in the travel
speed has little effect on the purification, and very
low travel speeds will increase the energy and labor
costs.

Figure 5(c) shows the content distribution of
Fe at different locations in the sample. As the ko of
Fe is very small (0.023), the solubility of Fe in the
liquid state is higher, making it the easiest to
transfer with the molten area. Figure 5(c) shows
that the Fe content in the middle is lower than at the
head end and tail, and a large amount of Fe is
concentrated in the tail of the Al ingot. The
minimum impurity content of Fe is 0.1075 mg/kg
(at 140 mm from the head end) when the travel
speed of the molten area is 0.7 mm/min. With a
similar trend as before, the Fe content in the sample
decreases with decreasing travel speed. However,
the difference in the content of Fe in the sample is
negligible when the travel speed changes from 1.5
to 0.7 mm/min.

Ti is an impurity with ko > 1, and its migration
law is opposite to that for ky < 1. Figure 5(d) shows
that Ti is enriched at the head end of the sample.
The impurity content of Ti in the head end of the
sample inecreases gradually with a decrease in the
travel speed of the molten area. When the travel
speed decreases to 2.2 mm/min and lower, the
migration trend of Ti is distinct, and its content at
the head end increases gradually. The extent of
increase in the impurity content of Ti is lower at the
head end, and its value in other parts does not
continue to decrease with a decrease in the travel
speed of the molten area to 1.5 mm/min, indicating
that the migration of Ti reaches equilibrium at this
speed and with 15 times of zone melting. The
experimental results show that the travel speed of
the molten area should ideally be low to improve
the refining efficiency for different
elements (ko < 1 or ko> 1).

The equilibrium data for the Al content
obtained from four groups of experiments are
plotted in Fig. 6 to intuitively analyze the change in
the Al content in each part. No standard high-purity

impurity

Al ingot was obtained at a travel speed of
4.6 mm/min; therefore, this data set was discarded
and the other three data sets were analyzed.
Figure 6 shows that the content of Al gradually
increases at the same position when the zone
melting speed is reduced from 2.2 to 0.7 mm/min.
There is a concurrent increase in the number of
samples meeting the purity requirements of SN Al
from three pieces at 2.2 mm/min to six pieces at
0.7 mm/min. Figure 6 also shows that the highest Al
content is obtained at 100—180 mm from the head
end (Fig.3) in each set of the test results; this
position, corresponds to the middle of the ingot.
This is because the impurity content for ko < 1 and
ko > 1 in the middle of the ingot is the lowest among
the values for the entire product; consequently, the
purity of Al is the highest.

100.000

99.999

99.998 1

99.997 |

99.996 |
= — 2.2 mm/min

Content of Al/wt.%

99.995 - e — 1.5 mm/min
4 — (0.7 mm/min

99.994

99.993

20 60 100 140 180 220
Distance/mm

Fig. 6 Effect of travel speed of molten area on content of
Al

The results for the middle of the ingot, which
had an Al content of 99.9997%, were obtained
when the travel speed of the molten area was
1.5 mm/min, and were the same as those obtained at
0.7 mm/min, which indicates that the impurities
fully migrated to the tail when the travel speed was
1.5 mm/min and 15 times of zone melting were
conducted.

Figure 7 shows that the removal rates of the
Cu, Si, Fe, and Ti impurities increase with a
decrease in the travel speed of the molten area. The
increase in the removal rates of the impurities is
small when the travel speed is decreased from 1.5
to 0.7 mm/min, which indicates that the impurity
migration reaches equilibrium after 15 times of
zone melting at 1.5 mm/min. The removal rates
of elements with ko < 1, such as Cu, Si, and Fe, are
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Fig. 7 Dependence of removal rate of 1mpur1t1es on travel speed of molten area: (a) Cu; (b) Si; (c) Fe, (d)Ti

higher than 90% when the travel speed of the
molten area is decreased to 1.5 mm/min. Figure 7(d)
shows the dependence of the removal rate of the Ti
impurity on the travel speed of the molten area. The
removal rate of Ti is —4.41% when the travel speed
is 4.6 mm/min, indicating that Ti migrates slowly
and its distribution in the product is irregular,
resulting in a content higher than that in the raw
material. When the travel speed is decreased to
2.2 mm/min, the removal rate is 34.07%, indicating
that Ti has begun to migrate to the head end. The
removal rate of Ti increases from 34.07% to 79.6%
when the travel speed is decreased from 2.2 to
1.5 mm/min. However, the removal rate decreases
when the travel speed is decreased to 0.7 mm/min,
indicating that the distribution equilibrium of Ti has
been reached at 1.5 mm/min. The above results
show that the removal rate of impurities is the best
and the purity of Al is the highest when the travel
speed of the molten area is 1.5 mm/min.

3.3 Effect of zone melting times
Figure 8 shows the dependence of the content
distributions of Cu, Si, Fe, and Ti impurities on the

zone melting times at a travel speed of 1.5 mm/min
of the molten area.

Figure 8(a) shows that the content of the Cu
impurity at the tail of the sample increases with
increasing zone melting times. At 140 mm from the
head end of the sample, it decreases from 5.0726 to
0.9281 mg/kg, and the distribution is more uniform
when the number of melting times is increased from
5 to 15. Similarly, the content of the Si impurity in
the tail increases with increasing melting times, and
at 140 mm from the head end of the sample, it
decreases from 6.8627 to 1.1325 mg/kg when the
number of melting times is increased from 5 to 15
(Fig. 8(b)). The Fe impurity only accumulates at the
tail, and its content is less than 1 mg/kg when the
number of melting time is 15, which meets the
requirements of the impurity content of SN Al.

The migration trend of Ti in the Al ingot is
opposite to that of the impurities with ky < 1, as
shown in Fig. 8(d). When the number of zone
melting times is 5, Ti is almost evenly distributed in
the Al melt and there is no distinct migration. When
the number of times is increased to 10, the Ti
content at the head end of the sample is higher than
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Fig. 8 Dependence of content of impurities on zone melting times at travel speed of molten area of 1.5 mm/min: (a) Cu;

(b) Si; (c) Fe; (d) Ti

that in other places, indicating that Ti has begun to
migrate to the head end. Ti exhibits pronounced
migration and accumulates at the head end after
zone melting for 15 times, which indicates that Ti
can be removed well after 15 times of zone melting
under vacuum.

Figure 9 shows the relationship between the Al
content in various parts of the product and number
of times of zone melting. The Al content in the
same position of the product increases with a
gradual increase in the number of zone melting
times when the travel speed of the molten area is
1.5 mm/min. Under the same number of zone
melting times, at distance from 20 to 180 mm of the
head end, the Al content gradually increases and
then decreases, and is the highest between 140 and
180 mm from the head end of the sample. The Al
content is the highest (99.99974%) at 140 mm from
the head end after 15 times of zone melting. This
result shows that the impurity removal effect is
significantly enhanced with an increase in the
number of times of zone melting.

100.000
99.998 |
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99.994 |
99.992 |
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99.988
99.986 |
99.984
99.982

=—5 times
e — 10 times
a—15 times

Al content/wt.%

20 60

100 140 180 220 260
Distance, x/'mm

Fig. 9 Relationship between Al content and zone melting

times

Figure 10 shows the relationship between the
removal rates of the Cu, Si, Fe, and Ti impurities
calculated based on the impurity content at 140 mm
from the head end and the number of zone melting
times. The removal rates of the impurities gradually
increase with an increase in the number of melting
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times. The removal rates of three impurity elements,
Cu, Si, and Fe with ky < 1, are higher than 90%
after 15 times of zone melting, and the removal rate
of Fe is the highest (96.94%) because its ko is the
smallest. The removal rate of Ti with ko > 1 is low
after 5 times of zone melting, and it is increased
from 40.48% to 79.6% when the number of zone
melting times is increased from 10 to 15. Figure 10
also shows that the removal rate of impurities with
ko > 1 is lower than that of impurities with & < 1,
which indicates that Ti is difficult to remove
compared to other impurities.

4 Conclusions

(1) Cu, Si, and Fe, with ko < 1, migrated and
accumulated at the head end of the samples. The
purification effect was enhanced with decreasing
the travel speed of the molten area and increasing
the number of zone melting times. The removal
rates of Cu, Fe, and Si were higher than 90%, and
their contents in the middle of the sample (i.e.,

140 mm from the head end) were 0.9281, 1.1325,
and 0.1075 mg/kg, respectively. The Al content was
higher than 99.999% when the travel speed of the
molten area was 1.5 mm/min and the number of
zone melting times was 15.

(2) Ti with ko > 1 accumulated at the head end
of the sample. The removal effect was enhanced
with decreasing the travel speed of the molten area
and increasing the number of zone melting times.
The removal rate of Ti was higher that 75%, and its
content was 0.1324 mg/kg when the travel speed of
the molten area was 1.5 mm/min and the number of
zone melting times was 15.

(3) This study provides reliable experimental
data for the purification of Al and other metals
using vacuum zone melting, and provides guidance
for the improvement of the zone melting method.
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1. RHETRY HTREEF LR, B 650093;
2. BRHFLT K% (& 5ETRE%, B 650093;
3. ZHAAARESBETIHSESALINE, B 650093;

4. ZHAAOEBEIIREBAHERXE AR E, BY 650093

B OE: AR XA & AR R TS B T RS, WA R A AT B
Mrfnszab s R, PO Ee R HT ko<l 1247 (Cu. Si Fl Fe)fE4R5E 4 RAN, 1M Ti (ko> )FEEREE 1 i RN, 445
X EA 1.5 mm/min (IR BERE BN I HEAT 15 IRIXBMS RS, A0 22 R AR I Al B de e . AEBRBETDED, BIREARRE S
Ui 140 mm Ak, . BRANEER) BRI E T 90%, ERAIZEFRFEET 75%, AL ET 99.999%. FEFE M ALEE ST
4 99.999% (SN) TV FH e AR An v ) R
KEER: EAXEUA G M PO REG AL
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