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Abstract 

We hereby report a green and simple volatilization-condensation process to prepare high-purity magnesium in different crystal forms 
under vacuum condition. This method can be also used for the analysis of other metals, which can be separated by the same concept. In 
addition, Mg condensation is a very fast process, and the corresponding easy growth of the Mg crystals is promoted when the concentration 
of magnesium vapor is raised. From the view of crystallization, ultrafast crystal growth of high-purity magnesium is a barrier-free and orderly 
process. Interestingly, different condensed forms of Mg obtained via this ultrafast volatilization-condensation process are showing different 
purities. The distinct morphological formation of Mg in different condensed form is probably attributed to the differences of surface energy 
change of Mg during the condensation process. 
© 2021 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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. Introduction 

As a basic element, magnesium and Mg-based materials
ave properties such as lightweight, high specific strength,
trong electromagnetic shielding ability and so on. Thanks
o these advantages, Mg is widely used in high-tech fields
ike electronics, aerospace, and precision instruments [ 1–5 .
enerally, achieving precise purity control is one of the most

mportant steps to design materials, because of the inferiority
f impurities. For example, Mg alloys show higher corrosion
ates than that of high-purity (HP) Mg (above 99.98%,
t.%), which is caused by a higher impurity content [6 –8] .

n addition, it has been shown that the purification treatment
∗ Corresponding author at: Faculty of Metallurgical and Energy Engineer- 
ng, Kunming University of Science and Technology, Kunming 650093, 
hina. E-mail address: emontian@hotmail.com (Y Tian). 
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an be employed to slow down the biodegradation of the
agnesium alloys [9] . Hence, the control of purity is very

mportant for magnesium-based materials. 
At present, the purification of magnesium is mainly classi-

ed into chemical methods and physical methods, such as
elt purification [7 , 10 , 11] , additive refining [12 , 13] , elec-

rolytic refining [14] , and vacuum distillation [8 , 15 –19] .
mong those methods, the refined magnesium obtained by
acuum distillation has the lowest impurity content. The ef-
ective additive refining purification cannot be used alone, and
he other methods are all costly and complex processes. On
he other hand, vacuum technology has been successfully ap-
lied to the researches of separation, purification, and recy-
ling of heavy metals [20 , 21] , precious metals [22 –24] , scat-
ered nonmetals [25] and rare metals [26] . But up to now,
here are nearly no studies reported on volatile metals which
ith high saturated vapor pressure (such as Mg, Zn). So,
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Fig. 1. Schematic of Mg volatilization-condensation system with distinct re- 
gions for (1) Mg volatilization and (2) Mg condensation. 
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C  
acuum distillation is expected to be a very promising and
nvironment-friendly purification technology for volatile met-
ls because of its high efficiency in relation to not only the
emoval of impurities but also the simple and effective of
he process. However, despite some observations [8 , 19 , 27] ,
xperimental parameters and influencing factors for obtain-
ng high-purity or even ultra-pure magnesium have not been
learly clarified, which significantly limits the application of
his technology. 

In this work, a horizontal tubular furnace, which is differ-
nt from the traditional equipment, is used in the experiments.
he tubular cavity with sufficient length has a function of hor-

zontal axial temperature distribution under vacuum condition.
 special design of the volatilization step allows the raw mag-
esium sample to quickly evaporate into a form of magnesium
apor. The effect of crystal formation on the purity of the con-
ensate Mg prepared with this horizontal tubular furnace is
tudied at different evaporation temperatures. This is consid-
red as a key factor for efficient production of high-purity
g and maybe also other metals. This would also probably

orm a theoretical basis and provide fundamental data for Mg
urification mechanisms. 

. Methods 

.1. Theoretical considerations of vacuum distillation 

Impurities in raw materials can be removed during the
olatilization process due to different saturated vapor pres-
ure of each element. The relationship between the saturated
apor pressure and the temperature of pure substances can be
xpressed as following [28] : 

g p∗ = A T −1 + B lg T + CT + D (1)

here p 

∗ is the saturated vapor pressure of a certain pure sub-
tance, and A, B, C and D are the evaporation constants of
ach element in the alloy. The order of volatilization of impu-
ity elements in the distillation process is dependent on their
aturated vapor pressures, i.e., the substance with a higher va-
or pressure tends to be evaporated prior to those with lower
apor pressures in the volatilization process. 

.2. Horizontal tubular furnace for one-step multi-region 

ondensation process 

It is found in the previous researches that, the traditional
ertical vacuum furnace is the most well-known and widely-
sed vacuum equipment for non-volatile metals [8 , 20 –26] . For
his type of furnace, raw material located in the bottom heat-
ng zone of the furnace is firstly converted from solid to liquid
y elevating temperature. Afterward, the metals in the molten
hase are volatilized in order from the high to the low sat-
rated vapor pressure. Subsequently, the gaseous metals rise
nd finally transfer into the solid-state after reaching the in-
er surface of the top furnace cover with a lower temperature.
owever, for the volatilization of volatile metals, it has to be
oted that, e.g., the solid magnesium does not go through a
iquid phase at system pressures below 333 Pa [27] , which
eads to a faster volatilization and condensation process of

agnesium. Despite this advantage of the high efficiency of
he process, it is very challenging to obtain accurate exper-
mental parameters such as the volatilization time and the
ondensation temperature by using the traditional type of fur-
aces. More importantly after contacting the colder surface,
he magnesium vapor would directly sublimate into solid par-
icles on one metal plate with uneven size. This is a challenge
or the collection of the condensed products, because there is
 potential risk of explosion for the magnesium powders of
maller size. 

On the other hand, a multi-stage condenser has been de-
igned and realized for a better separation of condensation
roducts [23] . The multi-layer concave graphite platform can
revent the metals in liquid phase from slipping. Each plat-
orm has a small hole that allows gaseous products to pass
hrough. However, the design of such equipment is compli-
ated and expensive. In addition, due to fluctuations in the
hermal field of this equipment, the material obtained on each
latform is not completely uniform. Therefore, an additional
xperimental procedure of heating first and then sampling has
een complemented. The volatilization and condensation can
roceed synchronously in one chamber but in different tem-
erature regions, as shown in Fig. 1 . Based on the previous
nvestigation of the volatilization and condensation behaviors
f magnesium [27] , it is deemed that the deposits with a heav-
er mass, a denser aggregation degree and a larger grain size
an be attained in the higher condensation temperature area
close to the heating source). During the condensation pro-
ess, it can be hypothesized that each temperature gradient
orresponding to the positions with different grain size is sta-
le. The condensed magnesium with different grain sizes can
e obtained conveniently in one process. With a clear axial
istribution, different grains can be directly used as specimens
or material characterizations. 

.3. Experimental procedure of Mg volatilization and 

ondensation 

Magnesium ingot (99.98%, Henan Yuhang Materials,
hina) was selected as raw material ( Fig. 2 a), the typically
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Fig. 2. (a) Picture of magnesium ingot; (b) Picture of magnesium strips; (c) 
Picture of magnesium block; (d) Schematic of the sampling step, volatiliza- 
tion and condensation process. 

Table 1. 
Types and content of impurities in magnesium ingots (ppm). 

Element Al Mn Fe Ni Cu Zn Si Ca 

Content 4.8 20.0 11.5 1.0 1.6 24.0 37.0 25.0 
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Fig. 3. The relationship between saturated vapor pressure of different metals 
and temperature. 
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mpurities contents detected by ICP-MS in magnesium ingot
ere shown in Table 1 . It was firstly drilled to prepare mag-
esium strips, and then these strips were washed twice with
thanol. Afterwards, they are dried with a filter paper and
ccordingly show a bright surface ( Fig. 2 b). The prepared
amples were transported with zip-lock plastic bags in the
hole process. The preparation of magnesium block samples

hould be carried out as fast as possible to avoid excessive
nd unnecessary surface oxidation. In a later step, the mag-
esium blocks ( Fig. 2 c) were pressed using a mold. 20 g Mg
locks were placed in a cylindrical graphite crucible close
o the condensing zone. A graphite paper was used to fully
over the inner wall of the quartz tube. High-purity crystal-
ized Mg particles and flakes condensed on the graphite paper
ere collected and then characterized with different kinds of
aterial analytical tools. When the heating temperature was

tabilized in the range of 700–850 °C under a system pres-
ure of 10 Pa, graphite crucible with Mg blocks were pushed
ogether to the heating zone by a corundum pusher. Those
amples were completely evaporated within 30 min ( Fig. 2 d).

The yielding Mg condensation products were collected
rom the surface of the graphite paper in the area of lower
emperature. The raw material was rapidly evaporated in the
one of volatilization, and the correspondingly generated mag-
esium vapor condensed into a solid phase when it encoun-
ered a low-temperature interface. Since the high-temperature
aseous magnesium atoms of random motion were more en-
rgetic than those in the solid-state, they condensed on both
he left and the right sides of the heating zone. However,
he temperature at the location where the condensates were
ormed on the left side was difficult to measure. As a con-
equence, only the products obtained in the right condensing
one were collected for further analysis and characterization.

.4. Material characterization 

The morphological structures of the Mg blocks and the
ondensation products were characterized by scanning elec-
ron microscopy (SEM, TM3030 Plus, Hitachi). The crystal
tructure of the condensed Mg at different condensation tem-
eratures was studied by X-ray diffraction (XRD) using a
ANalytical EMPYREAN with a Cu K α of 1 °/min. The pu-
ity of the condensation samples was characterized by induc-
ively coupled mass spectrometry (ICP-MS, 7700x ICP-MS,
gilent). 

. Results and discussion 

Fig. 3 shows the difference of saturated vapor pressures of
mpurity elements and magnesium, according to the formula
1) introduced in Section 2.1 , it can be seen that the saturated
apor pressure of every single substance in the magnesium-
ased raw material increases with rising of the temperature.
t the same temperature, the saturated vapor pressures of K,
a and Zn are higher than that of Mg. This means they would
e evaporated before the solid Mg turn into a gas phase in
he distillation process. On the contrary, the other metals, like
a, Ti, Pb, Mn, Al, Sn, Cu, Fe, Ni, and Si, generally share
 non-volatile property and remain in the liquid phase in the
istillation process. Theoretically, the advantage of vacuum
urification technology is that the target metal can be sep-
rated by its specific saturated vapor pressure different from
hose of the interfering metals. The purpose of this work is to
tudy the effect of the crystallization state on the purity of the
ondensed Mg. Therefore, the usage of the horizontal tubular
urnace offers a convenient and effective way to obtain dif-
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Table 2. 
The contents of impurities in the higher condensation temperature region and 
lower temperature region (ppm). 

Element Al Mn Fe Ni Cu Zn Si Ca 

1# < DL 1.24 < DL < DL < DL 13.61 < DL 21.61 
2# 9.81 43.46 33.93 0.39 < DL 243.13 < DL 39.42 

(The magnesium product in higher condensation temperature was marked as 
1#, the magnesium product in lower condensation temperature was marked 
as 2#, “< DL” means the value is lower than the detection limit). 
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erent crystallization Mg-samples in the one-step multi-region
ondensation process under vacuum condition, because the
emperature gradient formed in the quartz tube ( Fig. 1 ) en-
ble the formation of the condensed Mg with different mor-
hological and crystal structures. 

Fig. 4 (a–d) shows the products of magnesium vapor con-
ensed on the graphite paper. The initial section (the left
art) of graphite paper in the picture here has been cut off.
his is because there were no products on the graphite pa-
er in this section ( Fig. 2 d). Another reason is that consid-
ring the length of the graphite paper, it is trying to pro-
ide enough size for the SEM images. It can be seen that
he condensed Mg in silver-white color locates in different
ondensation temperature regions and show different physical
orms. The experimental results at four different volatilization
emperatures (700, 750, 800, 850 °C) show that the conden-
ation temperatures of magnesium vapor are consistent, all
f which are in a range of 330–460 °C. The yielding Mg-
roducts close to the source of the volatilization are in the
orm of an integral piece with the uneven surface formed
y large size particles, while smaller-sized particles are rel-
tively far from the volatilization source. This phenomenon
s consistent with the results of Han’s research under Ar air
ow, that is, the condensation products of magnesium include
roplet magnesium, transitional condensed magnesium and
owder magnesium [29 , 30] . The metallic magnesium crys-
al with a hexagonal structure can be easily and clearly seen
rom the SEM shown in Fig. 4 a. Accordingly, it is shown
hat the typical grain size of the magnesium flake is 300–
00 μm, and the typical grain size of those smaller particles
s around 10 μm. As expected, the crystal accumulation is
enser in the area with the higher condensation temperature
ut scattered in the area with the lower condensation tem-
erature. In addition, the maximum temperature in the con-
ensation area is more than 100 °C lower than the melting
oint of magnesium. Combining the laws of the magnesium
apor volatilization and the condensation, it brings light to
he interesting fact that the condensation of magnesium va-
or is an ultra-fast cooling process under these experimental
onditions. 

There are two elements, Mg and O found in correspond-
ng energy dispersive spectrometer (EDS) analysis, which has
ot been shown here. This indicates, the condensed Mg may
e slightly oxidized in the process. But, the element contents
y this semi-quantitative analysis may not be reliable without
roper error estimation. Therefore, a better quantitative identi-
cation is conducted with the ICP analysis. Moreover, X-ray
iffraction (XRD) patterns ( Fig. 4 e and f) also confirm the
rystalline characteristics of the condensation Mg-products af-
er volatilization-condensation processes. As shown in Fig. 4 ,
he prominent interfaces of the hexagonal close-packed (hcp)
rystal exhibit different growth kinetics, which means the pro-
ess is dominated by lateral growth. 

The ICP-MS analysis is used to investigate the level of
mpurities in Mg condensation products with different crystal
orms and accordingly evaluate the effect of purification. The
ondensed magnesium in the integrated flake form is postu-
ated to be better crystallized and contain a lower content
evel of impurities. This assumption was confirmed by the
CP-MS analysis. The contents of the impurities in the con-
ensed Mg products with the flake form in the higher con-
ensation temperature region and the products with the gran-
lar form in the lower condensation temperature region are
hown in Table 2 . From this analysis, it can be inferred that
he purity of the condensed Mg-products is correlated with
ts macroscopic structural form and microscopic grain size.
hat is to say, the lower impurity content is probably a con-
equence of (i) a larger grain size formed in the condensation
rocess, and (ii) correspondingly their accumulation to the in-
egral flake Mg. And this result is consistent with the theory
nalysis referred above and the Han’s research, the condensa-
ion products obtained in higher temperature zone has higher
urity [31] . These results reveal that the purity of the con-
ensed Mg is highly affected by the degree of crystallization
n the condensation process. It can be seen that, the integrated
agnesium flakes with very high purity can be prepared via

his rapid volatilization-condensation process. Moreover, the
g particles in the lower temperature area can be further pu-

ified by an additional melting/refining process, which may
learly reduce the potential risk of explosion of those very
ne magnesium powders. 

The process of the internal crystal growth of the magne-
ium after vacuum distillation is rearranged to in relation to
he raw material. After the metal vapor of Mg has reached
he saturated temperature, the process of cooling and con-
ensing would start to take place and form a condensed phase.
he condensation process may proceed in two different ways.
amely, they are (i) the gaseous Mg vapor forms the small
articles (nuclei) of the condensed state in the gas phase, and
hey later grow up gradually. This way is also known as the
pontaneous nucleation. (ii) As shown by the clear conden-
ate edge in Fig. 4 , the high temperature magnesium vapor
ondenses rapidly on the low temperature graphite paper, i.e.,
he condensation process occurs on the medium. The surface
tructure and the Gibbs-free energy of a crystal vary with the
rystallographic orientation. A general approach for control-
ing the shape is to grow the crystal in the presence of species
hat bind with different adsorption energies to the different
rystalline facets [32] . 

The volatilization disrupts the order of the interfacial in-
erent structures of magnesium blocks, and consequently the
e-organization has been activated before ordering in the crys-
allization. If concretely, we confine our attention to the crys-
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Fig. 4. (a–d) Pictures of the condensed magnesium from different heating temperature (700, 750, 800, 850 °C) attached on graphite paper, and SEM images 
of the products in higher and lower condensation temperature regions, respectively. (e, f) XRD patterns of condensed flake and particles, respectively. 
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als, it is found that the condensed flakes from the condensa-
ion process have a close-packed surface. The surface atoms
f one height are at the same distance from a plane parallel
o it, and the surface presents a stepped appearance. The con-
ensation on a close-packed surface can only take place by
urface nucleation. This means, the small "islands" of the Mg-
toms are accumulated on the surface and gradually grow to a
ew layer. The Mg-vapor in this process shows a high super-
aturation. In addition, the growth essentially depends on the
xistence of "kinks" on the surface [33] . The easy growth of
he Mg-layer in the condensation process is promoted when
he concentration of the magnesium vapor is raised. The av-
rage evaporation rate in the experiments may even reach a
aximum, 3.947 × 10 

−4 g/(cm 

2 • s) in 10 min [27] . This indi-
ates that condensation is a very fast process, even though it
s not able to be quantitatively analyzed at the moment. There
ere already pre-condensed magnesium particles available as

uitable deposition points (kinks) before the magnesium vapor
ith high concentration was transported to the condensation

one. 
Based on the determination of the rapid condensation, there

s no supercooled Mg liquid order sufficiently to interfere
ith the propagation of a crystal interface at subcooling in
90–300 K. It means that the propagation of the crystal in-
erface is not disturbed and the growth of the condensate is
ell ordered. Even though the ultrafast crystal growth in the
igh-purity magnesium is a barrierless ordering process, the
undamental reason is different from the process of liquid
olidification, which is achieved by imposing a crystalline in-
erent structure onto the adjacent liquid due to the capacity
f the crystal interface [34] . The crystal interface in the pure
agnesium seems to be an important factor to establish the

rdered interfacial inherent structures. The reduction in the
urface energy is the primary driving force for the simple
article growth, while the morphological evolution is driven
y the further reduction of the surface energy due to the min-
mization of the area of the high energetic crystal faces [35] .
n the process of the gaseous Mg atoms transferred to the con-
ensation zone for crystallization, the change of the surface
nergy of the impurities and the target metal (Mg) promotes
he condensation products to develop into different forms, re-
pectively. Quantitative studies, such as modeling and dynam-
cs simulation, need to be carried out in the future to confirm
he process of ultrafast crystallization. 

. Conclusion 

In summary, we have demonstrated that the high-purity
agnesium with different crystal forms can be obtained from
 one-step approach without a time-consuming and polluting
rocedure. This research concept can be also applied to other
inds of volatile metals. The ultrafast solidification and the
rowth of high-purity magnesium crystals are both a barrier-
ree and orderly processes. Two different macroscopic struc-
ural forms, namely the flake form and the granular form,
articles are found to be formed in the condensation pro-
ess depending on the temperature, respectively. More signif-
cantly, different condensed forms obtained through this ul-
rafast volatilization-condensation process are noted to show
ifferent purity levels. Furthermore, different surface energy
hange of Mg during the condensation process drives the mor-
hological evolution, which can be further validated by mod-
ling and dynamics simulation. Our research offers a new
ossibility to analyze the effect of crystallization on the pu-
ity of the condensed Mg during the condensation process.
his may provide fundamental data for the mechanisms of

he Mg purification and hopefully open up opportunities for
he effective production of high purity metals. 
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