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Abstract 

It is practically difficult to find titanium sponges with low and stable aluminum impurities on the market even though it is the precondition 
to prepare high-purity titanium. Analysis indicates that almost all the aluminum impurities in the titanium sponge are inherited from the 
magnesium used to reduce titanium tetrachloride. However, it remains elusive for decades why magnesium produced through the silicothermic 
reduction method contains a high content of aluminum impurities with large fluctuations. By recourse to thermodynamic calculations and 
comparative experiments, we demonstrate that fluorite, a material used as a catalyst in the silicothermic reduction method to produce 
magnesium, is the chief culprit for the pest aluminum and propose a mechanism to rationalize the observed phenomena. Our findings 
indicate that one practical way to produce qualified magnesium for the production of high-purity titanium is to abandon fluorite during the 
production of magnesium with the silicothermic reduction method. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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Magnesium has been chosen as the reducing agent in large- 
cale commercial titanium sponge production since the 1930s 
ue to its proper reducing activity and relatively low cost 
1 , 2] . High-purity titanium is a crucial fundamental material 
n IC manufacturing today using titanium sponges as raw ma- 
erials [3] . Over the past few years, for cost and environmental 
easons, an increasing number of titanium manufacturers have 
een prone to using magnesium produced by silicothermic 
rocess (the Pidgeon process) to produce titanium sponges 
nstead of electrolytic magnesium [4] . This presents the man- 
facturers of high-purity titanium with the following prob- 
em: it is difficult for them to find titanium sponges with 

nough low and stable aluminum impurities. The challenge 
esults from the fact that aluminum and titanium have close 
eposition voltages and aluminum has a strong affinity to ti- 
anium. Consequently, it is very difficult to remove pest alu- 

inum from titanium by the existing purification processes, 
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ncluding molten salt electrolysis refining (MSER [5] , [6] ) and 

lectron beam melting (EBM [7] ). According to our inquiry 

eedback from Ningbo Chuangrun New Materials Co., Ltd., 
 leading company concentrated on titanium purification, in 

rder to meet the semiconductor industry requirement, i.e., 
l < 1 ppm, the maximum Al content in the titanium sponge 

feedstock) should be less than 10 ppm or so. 
To pinpoint the source of the aluminum in the titanium 

ponge, Yang et al. analyzed the data of a leading manu- 
acturer of titanium sponge and concluded that nearly all 
he aluminum in the titanium is inherited from the primary 

agnesium [4] . Therefore, producing magnesium containing 

luminum impurities that are low and stable enough becomes 
 prerequisite for the production of high-purity titanium. In 

his work, we first performed a thorough analysis of the 
ompositional data of the primary magnesium produced by 

 leading magnesium plant. It was found that aluminum 

mpurity often fluctuates in an uncontrollable way with 

uite a large amplitude. In addition, few studies can be 
ound to explain the reason. By recourse to thermodynamic 
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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alculations and comparative experiments, it was surprising 

o find that fluorite, a material used as a catalyst in the 
ilicothermic reduction method to produce magnesium, is the 
hief culprit for the pest aluminum. Our findings indicate 
hat one practical way to produce qualified magnesium for 
he production of high-purity titanium is to abandon fluorite 
uring the production of magnesium with the silicothermic 
eduction method. 

. Results and discussion 

.1. Large fluctuation of aluminum impurity in primary 
agnesium 

To ascertain the aluminum impurity in primary magne- 
ium produced through silicothermic reduction, we contacted 

 leading magnesium plant with over 90% of its product 
eaching the 3N5B level defined by ISO 8287–2011 in 2020. 
N is the acronym of the word “nine” and the number before 
 means the amount of “nine” before the sign of %. For ex- 

mple, 3N5 means that the concentration of Mg should be 
igher than 99.95%. Moreover, the 3N5B defined by ISO 

287–2011 requires that Al < 150 ppm, Si < 150 ppm, 
n < 150 ppm, Fe < 50 ppm, Cu < 20 ppm, Ni < 10 ppm,

b < 50 ppm, Sn < 50 ppm, Zn < 100 ppm). This plant rep-
esents the best product quality among ∼40 magnesium plants 
n the Yulin area, where nearly 50% of the world’s primary 

agnesium products were produced in 2020. The recorded 

ata we obtained from this plant enable us to review the alu- 
inum impurity of the primary magnesium they produced in 

he past 12 months. It was found that aluminum impurities 
ank the highest of the tested impurities in terms of average 
ontent and fluctuation range. In addition, even for a single 
ay, the impurity of aluminum still presented the highest aver- 
ge content and the largest wave range. One typical example 
s shown in Fig. 1a. Every dashed line with points represents 
he sampling result of a batch of primary magnesium from 

ne refining furnace which usually has a capacity of approx- 
mately 1 ton. The content of aluminum impurity is found to 

rossover four grades defined by international standards (solid 

ine in Fig. 1a). The amount of aluminum presented the high- 
st average content and largest wave range among the ele- 
ents tested, blocking the improvement of the overall purity 

evel. Considering that the feedstock quality, operating en- 
ironment, processing parameters and even testing conditions 
re relatively stable in the same day, the observed phenomena 
re unexpected. 

To solve the aforementioned puzzle, we carried out quan- 
itative tracing the of Al source on three feedstocks for Mg 

roduction, i.e., calcined dolomite, ferrosilicon and fluorite. 
ver 1200 groups data from our cooperated primary Mg fac- 

ories and some other data from previous reports [8] were an- 
lyzed ( Fig. 1 b-c). The weight percentages of the average Al 
ontent among the total Al in ferrosilicon, calcined dolomite 
nd fluorite are approximately 73 mass%, 23 mass% and 4 

ass%, respectively ( Fig. 1 b). Notably, the content distribu- 
ions of Al and Al O for different batches of ferrosilicon and 
2 3 

2 
alcined dolomite can be very different, as shown in Fig. 1 c. 
he Al content in ferrosilicon shows a normal distribution, 
ith the highest counts at ∼0.3 mass% and an upper limit of 
0.6 mass%. The Al 2 O 3 content in calcined dolomite matches 
ell with a lognormal distribution, showing the highest counts 

t ∼0.2 mass% and an upper limit of ∼0.9 mass%. Conse- 
uently, it appears reasonable to speculate that the large fluc- 
uation of Al impurities in raw magnesium stemmed mainly 

rom calcined dolomite and ferrosilicon. However, surpris- 
ngly, both thermodynamic analysis and the following well- 
esigned experiments indicate that fluorite instead of calcined 

olomite and ferrosilicon is the chief culprit for the pest alu- 
inum in magnesium. 

.2. Thermodynamic analysis for the origin of pest 
luminum 

To single out the source of the pest aluminum in primary 

agnesium, thermodynamic calculations were employed first. 
ased on the aforementioned facts, it is quite natural to think 

f the aluminum in ferrosilicon as the first suspect because of 
ts high content and large fluctuation ( Fig. 1 b and Fig. 1 c). To
erify this speculation, we calculated the equilibrium compo- 
itions of a typical reacting system, i.e., 1200 °C and 10 Pa, 
imicking the practical fabrication process of the primary 

g products. The only variable is the Al content. The peak 

ounts at 0.3 mass% and the maximum of 0.6 mass% ( Fig. 1 c) 
ere chosen for comparison. We expected to see a significant 

hange in aluminum in the equilibrium compositions. How- 
ver, to our surprise, when the content of Al was changed by 

wo times, i.e., from 0.3 mass% to 0.6 mass%, no apparent 
mpurity fluctuation was yielded for the given testing system 

 Fig. 2 a), including Mn, Fe, O, Ca, Si and Al. This suggested 

hat the content of Al in ferrosilicon should not be the pri- 
ary reason for the observed pest aluminum phenomena, i.e., 

igh content and large fluctuation ( Fig. 1 a). 
After ruling out ferrosilicon, calcined dolomite became the 

rst suspect naturally. On average, the Al 2 O 3 in calcined 

olomite contributes ∼23 mass% of the aluminum amount 
n the feedstock ( Fig. 1 c). Under the given reaction condi- 
ions, Al 2 O 3 could be reduced to aluminum by silicon. We 
rst used Al 2 O 3 as the variable and chose its average (0.2 

ass%) and highest (0.9 mass%) content as the input param- 
ter. Again, no significant change was found from the yielded 

luminum and other impurities ( Fig. 2 b). We then checked the 
ffect of Si content and obtained similar results, as shown in 

ig. 2 c. Calculation details are shown in the Methods section. 
n summary, the dramatic change in Al, Al 2 O 3 and Si in the 
eedstock did not yield significant fluctuations in Al and other 
mpurities. In addition, it is worth noting, that the content of 
he gaseous Al impurity is significantly lower than that of 
ther impurities in all three calculations. This is against the 
ata gained from the magnesium plants. There must be other 
actors contributing to the observed phenomena that have not 
et been considered. 

Among the three feedstocks of Mg production, only flu- 
rite has not been considered yet by far. The main compo- 
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Fig. 1. The contents of impurities in primary Mg products and the source analysis of Al. ( a ) Impurities’ content fluctuation in Mg products fabricated 
by a leading Mg producer, from the data in a single day. The amount of Al presents the highest average content and largest wave range among the elements 
tested, blocking the improvement of the overall purity level. ( b ) Quantitative Al source tracing of the three main feedstocks in Mg reduction. Al and Al 2 O 3 are 
the main Al sources in ferrosilicon and calcined dolomite, containing 73 mass% and 23 mass% of the total Al content, respectively. ( c ) Content distribution of 
the main Al sources. The average weight percentage of Al in ferrosilicon is ∼0.3 mass% and its upper limit is ∼0.6 mass%. The average weight percentage 
of Al 2 O 3 in calcined dolomite is ∼0.2 mass%, with an upper limit of ∼0.9 mass%. 
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ent of fluorite is CaF 2 . It has been used as a catalyst in
he silicothermic reduction process. Generally, catalysts only 

ccelerate the reaction but will not affect the reaction equi- 
ibrium. Because there were truly no other factors we could 

ry, we used the content of CaF 2 as the variable to determine 
hether it can alter the content of aluminum impurities signif- 

cantly. As shown in Fig. 2 d, compared with CaF 2 -free con- 
ition (blue color), adding 3 mass% CaF 2 can dramatically 

hange the content of Al and F (red color) in the gaseous 
hase, making the content of Al comparable to that of the 
ther impurities such as Si and Ca. Detailed analysis found 

hat compared with CaF 2 free, several other fluorides formed 

ith the addition of CaF 2 , including AlF, MgF, CaF and MgF 2 

 Fig. 2 d). The content of AlF is much higher than that of
ther fluorides. Therefore, at least based on the theoretical 
alculation, it can be concluded that after performing a wide 
ange of thermodynamic searches, we identified CaF 2 as the 
hief culprit for the production of pest aluminum phenomena 
uring the silicothermic reduction process. 

.3. Experimental verification of the effect of fluorite 

To verify the effect of fluorite on the pest aluminum phe- 
omena, a miniaturized furnace was set up in our lab. Its 
3 
chematic diagram is shown in Fig. 3 a. This furnace mainly 

onsists of the following parts: temperature control system, 
acuum system, stock bin, filter and crystallizer. For sim- 
licity, only the last three parts are shown in Fig. 3 a. The 
emperature of the stock bin and that of the crystallizer are 
et to 1250 °C and 550 °C, respectively. The filter consists of 
ix specially designed baffles spaced the same distance from 

ach other. Because of the temperature gradient, baffle 1 has 
he highest temperature (1156 °C) and baffle 6 has the low- 
st temperature (730 °C). The purpose of this filter design 

s to separate the substances produced during the silicother- 
ic reduction process with different condensation tempera- 

ures. Both the morphology and the chemical composition 

f materials condensed on different baffles are affected not 
nly by temperature, but also by fluorite addition. The mag- 
esium produced from fluorite-free pellets has very low alu- 
inum contents, i.e., lower than 5 ppm ( Fig. 3 b, blue color), 
 value very close to the detection limit of the instrument we 
sed. Comparatively, the magnesium produced from 3 mass% 

uorite added pellets has a much higher aluminum content, 
nd three parallel experimental results were 28.6 ± 4.5 ppm, 
70.0 ± 15.7 ppm and 70.2 ± 9.2 ppm, respectively ( Fig. 3 b, 
ed color). This fits well with the theoretical predictions, i.e., 
he addition of fluorite can substantially increase the content 
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Fig. 2. Thermodynamic analysis for the origin of Al impurities in primary Mg products. ( a ∼ c ) The gaseous equilibrium elemental compositions 
calculated under the practical reduction conditions (1200 °C and 10 Pa) have little change with the content fluctuations of Al ( a ), Al 2 O 3 ( b ) and the reducing 
agent, Si ( c ), in the reactants; fluorite was ignored at first for its conventional role as a catalyst that did not affect the reaction equilibrium. All calculated 
results show that the content of the generated gaseous Al is far less than that of the other impurities. ( d ) Upon the addition of CaF 2 , the quantity of Al and 
F in the gaseous phase dramatically increases, mainly attributed to the formation of AlF. 

Fig. 3. Comparison of the Al contents in the reaction products released from fluorite-free and fluorite-added reactants. ( a ) Experimental setup of a 
silicothermic reduction method, showing that Al impurity is formed in two ways, pre-deposition on the baffles and t co-condensation in the Mg crystal. ( b ) 
Al content is always higher in the Mg fabricated with fluorite than in those fabricated without fluorite. ( c ) Al contents on the sampling baffles also show an 
obvious increase after adding fluorite (comparison between experiment #3 and #4). 

4 
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Fig. 4. Formation mechanism of the pest Al. ( a ) Equilibrium vapor pressure of AlF with respect to the saturated vapor pressure of Mg, Ca and Al. AlF’s 
equilibrium vapor pressure, controlled by its disproportion reaction, is much higher than the saturated vapor pressure of Al and close to Mg (comparable with 
Ca), which indicates that AlF and Mg have very close condensation temperatures. This indicates that Al, in the form of monofluoride, is easier to deposit 
together with Mg. ( b ) Schematic diagram of the reaction. Unlike other oxide impurities, Al oxide cannot be directly reduced by forming Al vapor from the 
reaction with Si; instead, it is slagged under the reduction conditions. Similarly, most of the Al introduced from the ferrosilicon may serve as a reducing 
agent, eventually being incorporated into the slag. By adding CaF 2 , reactions that involve Al sources to form AlF are thermodynamically favored during the 
silicothermic reduction reaction with a temperature of ∼1250 °C. The uneven distributions of CaF 2 in the reactants result in an intrinsic generation instability 
of AlF. 
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f Al impurities. However, it is worth noting that even though 

ll the experimental parameters were very well controlled, the 
g produced from fluorite added pellets still exhibited large 

uctuations in Al impurities, consistent with the phenomenon 

bserved in magnesium plants. Therefore, there must be other 
actors affecting the amount of aluminum impurities. 

.4. Generation of the Al impurity and its large fluctuation 

Our experiments confirmed the following phenomena, i.e., 
he addition of fluorite can result in a large and uncontrol- 
able increase in aluminum content. Most external conditions 
feedstock quality, temperature and operation) were relatively 

ell controlled in the lab work; however, the Al in Mg metal 
till presented large fluctuations, making us focus more on 

he internal factors. Through systematic and careful analysis, 
e found that the phenomenon can be rationalized as follows: 
ithout the addition of fluorite, most of the aluminum in the 
ellets will simply become a part of magnesium slag. How- 
ver, once fluorite is added, it will react with aluminum in 

errosilicon or aluminum oxide and silicon to form AlF. AlF 

s an unusual metastable material in the gaseous phase that 
orm during high temperature (1050 K) treatment of the sto- 
chiometric Al and AlF 3 mixture [9] . It decomposes into Al 
nd AlF 3 upon cooling down the temperature (the dispropor- 
ion reaction). We calculated the equilibrium vapor pressure 
f the decomposition reaction of AlF versus temperature and 

ound that it is much higher than the saturated vapor pressure 
f Al, comparable to that of Ca and close to that of pure 
g ( Fig. 4 a). In a real production system, the actual par- 
5 
ial pressure of AlF should be much lower than that of Mg 

ecause of its very low content. Consequently, its actual con- 
ense temperature should shift to a lower range and make the 
ondense temperature range of AlF and Mg, in terms of the 
ure substance, overlap with each other. As a consequence, 
t is challenging to separate the gaseous monofluoride from 

apor Mg, resulting in high Al contents in the deposited Mg 

rystal. 
Undoubtedly, silicothermic reduction is mainly a solid re- 

ction that requires direct contact between different solid re- 
ctants [10 , 11] . Considering the amount, particle size and pro- 
essing technology of the pellets, a schematic diagram of the 
patial distribution of the main runners is shown in Fig. 4 b. 
 large ferrosilicon particle (orange color) with embedded Al 

iny particles is surrounded by a number of calcined dolomite 
articles (gray color). Some small oxide impurities, such as 
iO 2 (dark blue), MnO (light blue) and Al 2 O 3 (purple), are 
andomly distributed in the spaces among the larger parti- 
les. Since the amount of the added fluorite is much less 
han that of the main reactants, only a few fluorite particles 
red color) distribute unevenly in the space between the larger 
articles. Binary redox reactions can occur under silicother- 
ic reduction conditions between Si and some oxide impuri- 

ies, such as CaO [12] , ZnO [13] , and SiO 2 [14] . However, 
l 2 O 3 cannot be directly reduced to become Al vapor by 

eaction with silicon. In the absence of CaF 2 , both Al 2 O 3 

nd the Al in ferrosilicon can form aluminates and eventually 

nter the slag under the reduction conditions [15,16] . Con- 
equently, little gaseous Al can be generated and deposited 

n crude magnesium. This is supported by thermodynamic 



B. Yang, R. Zheng, G. Wu et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; June 11, 2022;17:21 ] 

a
v

e
t
d
m
d
t
b
o
m
H
C
m
e
t
o
s

o
b
(
3
p
A
t
T
b
m

m
t
o  

r
f
t
i
m
e
a
p
t
t
A
t
h
n

2

l
p
f
c
q

s
i
t
H
i
p
t
m
c
b
p
s
a
r
o
o
fi
s

3

3

l
b
c
c
t
m
r
T
s
r
c
o

w
1
P
s
c
0
f
f
D
a
s
s
fl
u
t
s
t
t
s

nalysis ( Fig. 2 a and Fig. 2 b) and the following experimental 
erification ( Fig. 3 b and Fig. 3 c). 

However, in the presence of CaF 2 , it becomes a differ- 
nt story. In the CaF 2 -enriched areas, reactions including the 
ernary reaction among Al 2 O 3 , Si and CaF 2 as well as the 
irect binary reaction between Al and CaF 2 , are both ther- 
odynamically favored ( Fig. 4 b). Consequently, the uneven 

istribution of CaF 2 can be an intrinsic reason for the fluc- 
uation of pest aluminum. The uneven degree of CaF 2 might 
e intensified in the lab work, because the calcining process 
f dolomite, crushing and mixing of all feedstocks were all 
anually carried out in a very small batch in the laboratory. 
owever, this does not mean that the uneven distribution of 
aF 2 is the sole reason for the Al fluctuation in the industrial 
ass production Mg. There are many factors that may influ- 

nce the Al concentration in Mg in actual production, such as 
he variation in feedstocks’ quality, the difference of worker’s 
peration habit, the fluctuation of the furnace temperature and 

o on. 
All these external variations should be relatively stable in 

ne day; however, large fluctuation of Al among different 
athes in a single day is often observed in the Mg factory 

 Fig. 1 a), even though every batch is already a mixture of over 
0 crude magnesium ingots and refined by the flux refining 

rocess. (Flux refining could reduce a certain amount of the 
l in the Mg melt [17] ). Therefore, it is reasonable to suspect 

hat the uneven distribution of CaF 2 played a role in this case. 
he randomness and inhomogeneity of CaF 2 distribution can 

e caused by many factors, such as the variation in batching, 
ixing and the actual content of CaF 2 in fluorite. 
Even though the addition of CaF 2 can cause pest Al in 

agnesium, it has been proven that CaF 2 can also improve 
he efficiency of the reducing reaction and increase the yield 

f Mg per unit time [18 , 19] . Considering the high price of
aw magnesium today, the addition of CaF 2 is very attractive 
or magnesium plants because it can increase their yield and 

herefore profits. In addition, for those applications that are 
nsensitive to aluminum impurities, e.g., being used as the raw 

aterials of alloys with aluminum as one of their alloying el- 
ments, the addition of CaF 2 is also harmless. However, for 
pplications that are sensitive to aluminum impurities, e.g., to 

roduce titanium sponges with aluminum impurity concentra- 
ions as low as possible, it is better to reduce or eliminate 
he usage of CaF 2 during the silicothermic reduction process. 
lthough this can lead to a decrease in magnesium yield and 

herefore increase the price of magnesium, considering the 
igh additional value and the importance of high-purity tita- 
ium, it is still an economic and efficient approach. 

. Summary 

The initial motivation of this work was to solve the prob- 
em of aluminum impurity removal in the production of high- 
urity titanium. By sorting the entire industrial chain, it was 
ound that titanium sponges with a low aluminum impurity 

ontent can effectively reduce the difficulty of the subse- 
uent production of high-purity titanium. To produce titanium 
6 
ponges with a stable low aluminum content, the aluminum 

mpurity content in magnesium used as reducing agent of 
itanium sponges should be as low and stable as possible. 
owever, studies of the suppliers found that even the lead- 

ng producers of raw magnesium have pest aluminum in their 
roducts, i.e., high content and large fluctuation. By recourse 
o the combination of thermodynamic analysis and experi- 
ental verification, we found that calcium fluoride is the chief 

ulprit for the pest aluminum in the raw magnesium produced 

y silicothermic reduction and thus solved a problem that has 
lagued the magnesium industry for decades. Our findings 
uggest the following facts: first of all, for applications that 
re sensitive to aluminum impurities such as titanium sponges, 
aw magnesium with very low aluminum impurities can be 
btained by reducing or discarding the usage of calcium flu- 
ride. Secondly, when solving industrial problems, one may 

nd the lowest comprehensive cost solution by tracing the 
ource of the problem in the upstream industry chain. 

. Methods 

.1. Thermodynamic calculation 

Under fixed temperature and pressure conditions, the equi- 
ibrium composition of a closed system can be determined 

ased on the 2nd Law. Here we took the common chemical 
omposition of the raw materials in practical production, ac- 
ording to the data from the Mg plants, as the basic input of 
he thermodynamic calculation. The weight ratios of the three 

ain raw materials (calcined dolomite, ferrosilicon and fluo- 
ite) were 80 mass%, 17 mass% and 3 mass%, respectively. 
he contents of Al, Al 2 O 3 and Si in the reactants, which were 
uspected to be related to the introduction of aluminum impu- 
ity, were deliberately changed to calculate new equilibrium 

ompositions to see whether the change in the composition 

f its product was consistent with our expectation. 
The Equilib Module of the commercial software FactSage 

as used to calculate the equilibrium compositions under 
0 Pa and 1200 °C, to mimic the actual Mg reduction in the 
idgeon process. To cover the content fluctuation of the Al 
ource in the raw materials, the average and the maximum 

ontent of the three suspects were chosen for comparison, i.e., 
.3 mass% and 0.6 mass% for Al, 0.2 mass% and 0.9 mass% 

or Al 2 O 3 ( Fig. 1 c), and 12.87 mass% and 13.26 mass% 

or Si. Compound databases including FactPS and Solution 

atabase including FTOxide-MeO, FToxide-bC2S, FToxid- 
C2S, FToxide-Merw and FToxide-SLAGA were used in this 
tudy, covering all the possible products, even the uncommon 

ubstances, in the silicothermic reduction. Taking aluminum 

uoride as an example, not only AlF 3 and AlF, but also other 
ncommon fluorides, such as AlF 2 , were taken into calcula- 
ion. After trying all kinds of combinations of possible sub- 
tances, the computer finally gave us a product composition 

hat has the lowest total Gibbs free energy and viewed it as 
he equilibrium state of the system under the constraints we 
et. Therefore, the calculated product composition shown in 
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ig. 2 d has already been the most thermodynamically favor- 
ble product under the given reaction conditions. 

Moreover, to provide a clearer presentation of the differ- 
nces between the systems we studied, the equilibrium vapor 
hase compositions were separately picked out to make com- 
arison, as shown in Fig. 2 b-d. 

.2. Silicothermic reduction experiments 

The silicothermic reductions of calcined dolomite were 
onducted in the laboratory, mimicking the practical pro- 
uction of Mg as much as possible. The ordinary calcined 

olomite and ferrosilicon directly delivered from the produc- 
ion site, Fugu JingFu Coal Chemical Co. LTD, ShaanXi, 
hina, were crushed and milled to 100 mesh powder, while 

he fluorite was crushed and milled to 200 mesh. Powders 
ere mixed together with the formula mentioned above and 

he control group did not add any fluorite powder. The mixed 

owder was then pressed into small cylinders of 25 mm in 

iameter and 10 to 15 mm in height under 70 ∼ 85 MPa. 
pproximately 250 g of briquettes were charged into the 
raphite crucible and reduced in a tube muffle furnace. To 

nsure that the reaction temperature reached and was main- 
ained at 1250 °C, the furnace temperature was set slightly 

igher, at 1300 °C. The vacuum of the tube was maintained 

elow 10 Pa during the two-hour constant temperature stage. 
ach experiment was repeated three times. 

.3. Impurities’ content quantitative measurement 

The co-condensed impurities in Mg crystals were directly 

ested by OES (Optical Emission Spectrometer, S5, GNR). 
he produced Mg crystal was remelted into ingots for impu- 

ity homogenization, lathed to a fresh flat surface and then 

ested by OES. To maintain the accuracy of the equipment, 
very time before testing, a standard cleaning process was 
arried out, including cleaning of the electrode, spark room 

nd lens and standard global calibration using three standard 

amples. 
The pre-deposited impurities on the sampling baffles were 

eighed and then characterized by SEM and EDS. Uniformed 

orphology and chemical composition were observed on each 

affle. Radial 5-point sampling EDS testing was conducted 

n all 6 baffles. The data used in Fig. 3 c were from two
xperiments, #3 (3 mass% fluorite) and #4 (without fluorite). 
 quick glance of the baffles from the other experiments was 
ade and we are confident that Al contents on the sampling 

affles also show an obvious increase after adding fluorite. 
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