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A B S T R A C T   

Graphite is a common refractory material for processing high purity silicon; however, it cannot be applied for 
holding Si–Al melts at high temperatures due to significant melt infiltration into the crucible. This research 
investigates the interaction mechanisms of graphite with Si at 1500 and 1800 �C and graphite with Si-20 wt%Al 
melt at 1500 �C and vacuum conditions. Scanning Electron Microscopy (SEM) and X-Ray powder Diffraction 
(XRD) methods are applied to investigate the morphology and chemistry of the phases formed at the interface of 
graphite with Si and graphite with Si–Al melts. Results showed that Al in Si–Al melt infiltrates into graphite 
leading to the formation of aluminum carbides, which accompanies with volume expansion and therefore the 
crucible destruction. The formation mechanisms of silicon carbide (SiC) from Si melt, and aluminum carbide 
from a Si-20 wt%Al melt in graphite crucibles are compared. It is shown that graphite crucible can be passivated 
by controlled formation of a dense SiC layer on the surface, and further can be used for different melts treatments 
with no melt infiltration and crucible destruction. The effect of temperature on the growth of the passive SiC 
layer was also investigated.   

1. Introduction 

Silicon (Si) is an important material for solar power production and 
energy storage purposes. Application of Si would be on increase in future 
in the energy sector. According to the sky scenario developed by Shell® 
[1] it is anticipated that 37% of the world energy would be generated by 
solar cells in the year 2070. Currently more than 95% of the solar panels 
are produced of Si [2]. Metallurgical methods for production pure Si 
have been vastly researched in the past two decades since they are 
economic and more environmentally friendly. Elkem Solar®, Silicor®, 
and Ferroglobe® processes are the three metallurgical methods estab
lished for production solar grade silicon (SoG-Si). These methods apply a 
combination of pyrometallurgical methods to produce the SoG-Si 
including of slag refining [3], solvent refining [4], and vacuum 
refining [5]. In addition to the application of Si in solar panels, it is also 
being researched to be applied as the Phase Change Material (PCM) for 
storing energy in high temperature batteries [6], where Si is melted by 
absorbing the energy in the charging cycle and solidifies to release en
ergy in the discharging cycle. Repetitive melting and solidifying of sil
icon in high temperature batteries makes it necessary to find an 

appropriate refractory material for the melt container. 
Molten Si and its alloys are highly reactive to the point of being 

labeled “a universal solvent” [7]. Among the metal carbides (WC, TiC, 
ZrC, SiC and TaC), oxides (Al2O3), and nitrides (Si3N4) that are tested for 
holding Si melts, graphite has become the most applicable and 
well-known refractory material for treating Silicon (Si) melts especially 
in high temperatures and vacuum conditions [7–11]. This arises from 
the unique properties of graphite such as being relatively inert (small 
carbon solubility in silicon) in contact with Si melt, machinability, high 
temperature stability, and the ease of purifying it. Up to now, graphite 
has been widely used for holding Si and its alloys in molten state at high 
temperatures for metallurgical purposes. It has also been found as an 
appropriate container for thermal storage batteries to hold the PCM 
alloy Si–Fe–B [12]. This makes the Si melt interaction with graphite at 
high temperatures to be necessary to investigate. Literature studies [8, 
13–15] show as the Si melt contacts with the graphite crucible a thin 
layer of SiC forms on the graphite. In addition, liquid Si infiltrates to the 
graphite crucible and a micrometric infiltrated layer consisting of SiC 
forms in the graphite body. Casado et al. [8]. investigated Si melt 
infiltration to various graphite materials and showed that melt 
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infiltration has a relation with the crystallinity of the graphite and the 
melt infiltrates more to the amorphous graphite. Polkowski et al. [16]. 
investigated the Si–B interaction with graphite and SiC crucibles for 
thermal storage purposes. They showed when B is added to the Si melt, 
SiC layer forms on the graphite surface and after long times a thin layer 
of Boron carbide (B4C) forms on the SiC layer. 

Refining is an integrate step in production of SoG-Si, where the 
concentration of Phosphorus (P) must be less than 0.2 ppmM. Vacuum 
refining is the most effective method for removing volatile species such 
as P from Si. Vacuum refining is based on the difference in vapor pres
sure of the impurity and solvent. Safarian [17] investigated the evapo
ration of the metals in vacuum conditions and concluded the effective 
pressure for intensive evaporation of a metal is 0.2 of its standard 
pressure (p�eff ¼ 0:2 p�i ). Considering the great difference in standard 
vapor pressures of Si and P at the melting point of Si (p�P ¼ 3:2 �
1010 Pa, p�Si ¼ 0:79 Pa) it can be concluded that vacuum refining would 
be an effective method for removal of P from Si. P removal from Si by 
means of vacuum refining has been investigated for more than 25 years 
[11,17–19]. However the authors reported the P removal from Si–Al 
alloy in Ref. [20] and showed alloying of Si with 20 wt% Al accelerated 
the kinetics of P removal from Si. In addition, it was shown that by 
alloying the Si, vacuum refining could be done at temperatures lower 
than melting point of Si. This makes the Si–Al system to be interesting 
for further investigations, however, this alloy shows intensive in
teractions with graphite crucibles. This problem must be addressed to 
make it possible to do further investigations on Si–Al alloys. The high 
temperature vacuum refining is a challenging process for most of the 

refractory materials that are appropriate for holding Si melts. Although 
Alumina (Al2O3) and Quartz (SiO2) crucibles can be applied for holding 
Si melts but both of them decompose at high temperatures when they are 
under reduced pressures. This limits the choices for the refractory ma
terials for holding Si–Al melts at high temperatures and vacuum con
ditions. The present research is an endeavor to modify the graphite 
crucibles for treating the Si–Al melts at high temperatures. This paper 
presents an insight investigation on the Si and Si–Al melts interaction 
with graphite crucibles. It outlines a methodology for the graphite 
passivation by SiC for treating the Si–Al melts at high temperatures in 
graphite crucibles. 

2. Experimental procedure 

In this research, Silgrain™ with 99.7% purity and high purity Al 
(99.99%) were used as the initial materials. The melting process was 
carried out in a high-density graphite crucible. The physical and 
chemical properties of the graphite can be found in Table 1. In order to 
investigate the interaction of Si melt with the graphite crucible at long 
times, Si was melted in the crucible and held at 1500 �C and 1800 �C for 
1 h. Subsequently, the cross section of graphite crucible was investigated 
by the Scanning electron microscopy (FESEM, Zeiss Ultra 55) and the 
phases were characterized by Energy dispersive spectroscopy technique 
(EDS). In addition, the interaction of Si melt with graphite at short time 
was studied by dipping a piece of graphite (the same graphite grade as 
the crucible) to the Si melt and holding it for only 5 min at 1500 �C. The 
surface and cross-section of this sample was also investigated by SEM. 
The interaction of Si–Al melt with graphite crucible was also investi
gated by doping 80 g of Al into 320 g of Si melt at 1500 �C. In order to 
prepare the Si–Al alloy, a piece of pure Al rod (80 g) was hung on a 20 cm 
of a graphite thread, which was attached on a Molybdenum (Mo) 
handle. The Mo handle was installed on the furnace chamber and could 
be slide down and up. As the Si was melted in the graphite crucible, the 
Al sample was dipped into the melt at 1500 �C. The Al dissolved in Si in 
some seconds and the remained graphite thread was pulled out of the 
melt. This mechanism was also applied for dipping the graphite sample 
immersed in the Si melt and holding it for 5 min. The experiments f Si- 
graphite interaction took place in Ar atmosphere of a purity degree of 
99.999%. The interaction of Si-20 wt%Al with graphite was investigated 

Table 1 
Physical and chemical properties of the graphite crucible and 
samples investigated in this research.  

Bulk density (Ton/m3) 1.90 

Hardness (HSD) 60 
Electrical resistivity (μΩ.m) 9.5 
Flexural strength (M.Pa) 54 
Compressive strength (G.Pa) 103 
Tensile strength (M.Pa) 29 
Young’s modulus (GPa) 11.8 
Thermal conductivity W/(m.K) 140  

Fig. 1. SEM micrographs of the graphite sample submerged into Si melt at 1500 �C and held for 5 min, (a–c): vertical view to the surface of the graphite sample (d,e): 
the cross-section of the submerged sample representing the interface of graphite-Si. 
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in vacuum conditions and it was carried out over the pressure range of 
1–10 Pa. A schematic sketch of the furnace’s chamber applied in this 
research can be found in Ref. [21]. The chamber was vacuumed to 1 Pa 
and purged by Argon three times before running the experiment to make 
sure there is not any air left in the chamber. X-ray diffraction (XRD, 
Bruker - Da Vinci) method was employed to investigate the phases 
formed in the graphite crucible due to the melt infiltration. During the 
vacuum treatment of the Si–Al melt, several samples were taken from 
the melt were and characterized by ICP-MS to determine the melt 
composition as a function of vacuum treatment time. 

3. Results and discussion 

3.1. Interaction of Si melt with graphite 

Previous researches in the literature showed a thin layer of silicon 
carbide (SiC) forms at the graphite surface in contact with silicon 
[22–24]. Here we dive into the formation mechanism of SiC layer on 
graphite surface by investigating the surface of the graphite sample 
immersed in liquid silicon, which is shown by images a-c in Fig (1). The 
cross-section of the immersed sample is also shown in Fig (1d). Various 
spots of the SEM images presented in Fig (1) are characterized by EDS 

and the composition of each spot is presented in Table (2). Looking at 
Figs (1a, b) some crystals can be seen forming in hexagonal and 
tetragonal shapes on the surface of the graphite sample. The matrix is 
also shown at higher magnification in Fig (1c). The EDS characteriza
tions of the spots marked on Figs (1 a-c) reveal that the crystals growing 
from the graphite surface are SiC, while surrounded by a Si layer. This 
silicon layer on the graphite surface is actually the solidified liquid sil
icon on the graphite surface Fig (1c). This Si layer, sticking on the 
graphite, is expected as liquid silicon wets graphite in which the wetting 
angle is very low and can be 0–28� depending to surface roughness [23]. 
Therefore, when the immersed graphite sample is pulled out from the 
melt, a thin film of silicon is remained on surface and so has not de
tached from the graphite. Fig. (1d) represents the cross-section of Si and 
graphite after 5 min and it indicates that the SiC nuclei are loosely 
attached to the graphite interface. The interaction of Si melt with 
graphite crucible at longer times are shown in Fig (2). This figure pre
sents the cross-section of the crucible’s wall, corner, and bottom in 
contact with Si melt after 1 h of interaction at 1500 �C. As Fig (2 a-c) 
shows, a continuous layer of SiC is developed on the graphite surface 
after 1 h. The higher magnifications of the SiC layer presented in Fig (2d) 
also reveals that the SiC surface layer formed on the graphite at 1500 �C 
is consisted of SiC grains with an average diameter of 15 (�5) μm that 
are joined to the graphite substrate directly with the grain boundaries 
upright to the graphite body. Considering Fig (1) and Fig (2), it can be 
concluded that SiC crystals are formed on the surface of graphite at the 
initial minutes of melting process and by continuing the process they 
grow to get closer to each other and make a continuous layer of SiC on 
the graphite surface. The cross-section of graphite and Si melt after 
treating at 1800 �C for 1 h is represented in Fig (3). Comparing Figs (2) 
and (3), it can be concluded that the SiC layer is disintegrated at high 
temperatures and there are many SiC grains attached to the crucible only 
by one side seeming to be detached from crucible and close to be 
released to the melt. The higher magnifications of the SiC layer show the 
surface of graphite is covered with a thin multi crystalline SiC layer 
consisted of small SiC grains with average size between 2 and 4 μm. 
Fig. (3c) shows those SiC grains that are still attached to the crucible are 
connected to the graphite surface directly and there are not any small 
grains under the marked crystals. This can be better seen in Figs (3d and 
e) where the stacking faults of SiC grains are clearly visible. Fig. (3d and 
e) indicate that the SiC grain boundries are weak for keeping the big SiC 

Table 2 
Chemical compositions of the spots on the SEM images characterized by EDS.  

Figure EDS Spot no. Chemical composition (at%) 

C Si Al 

Fig. (1a) 1 59.82 40.18 _ 
Fig. (1b) 2 53.67 46.33 _ 
Fig. (1b) 3 4.64 95.36 _ 
Fig. (1e) 4 50.64 49.36 _ 
Fig. (1e) 5 0 100 _ 
Fig. 7 6 52.17 47.83 _ 
Fig. 8 7 31.06 56.44 12.51 
Fig. 8 8 22.4 1.43 76.17 
Fig. 8 9 54.71 45.28 _ 
Fig. 8 10 6.75 92.46 0.78 
Fig. (13b) 11 0.37 0.81 90.83 
Fig. (13c) 12 36.43 57.41 6.16 
Fig. (16b) 13 48.23 51.77 _ 
Fig. (16b) 14 47.9 52.1 _  

Fig. 2. SEM micrographs (QBSD images) of the graphite crucible after holding Si melt at 1500 �C for 1 h.  
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Fig. 3. SEM micrographs (QBSD images) of the graphite crucible after holding Si melt at 1800 �C for 1 h.  

Fig. 4. The infiltrated region of the graphite crucible after 1 h of holding Si melt at 1500 �C.  
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grains connected to the cruible body. It should be mentioned that by 
increasing the temperaute, the diffusion through the grain bounries of 
SiC layer are increased, making it possible for the Si to diffuse through 
the boundries and reach the graphite surface. Subsequently the primary 
SiC grains can be seperated from the graphite body as new grains are 
nucleating at the graphite surface. Then the new grains can grow up and 
the same phenomenon can happen for them. This process can take place 
over and over and each time a SiC grain will be replaced by several 
grains leading to the surface layer to become thiner and with more grain 
boundries. Thus, it can be concluded that the SiC layer is more intigrated 
and thicker at low temperature, while the layer that is formed at higher 
temperatures not only has a thinner thickness but also it has a greater 
density of grain boundaries. 

In addition to the surface SiC layer, an infiltrated layer consisted of 
SiC particles has formed in the graphite body as it is seen in Figs (2 and 
3). The melt infiltration front in the graphite crucible is shown in Fig (4). 
Looking at these images, it can be concluded that melt infiltrates to the 
graphite body through the porosity network by filling the pores one by 
one if the graphite surface is not covered by the growing SiC. The pores 
are between the graphite grains that are marked as “G” on Figs (4 b, c). 
Therefore, the pores would get locked as the SiC is formed in the pores of 
the graphite body, which, subsequently stops the infiltration of further 
melt into the graphite body. Regarding the information we obtained 
from Figs (1-4), now we can explain the interaction mechanism of 
graphite with Si melt. Fig. (5A) is presenting various steps of Si melt 
interaction with graphite schematically. Each step on this figure is also 
explained as follows;  

i. Nucleation of SiC crystals on the graphite surface. 
ii. Melt infiltration to the graphite body through the porosity par

allel to i.  
iii. Dissolution of solid C into Si melt at graphite-melt interface.  
iv. Growth of SiC crystals at the graphite surface by the reaction of Si 

and dissolved carbon, and formation of SiC in the pores of the 
graphite body.  

v. Radial growth of SiC crystals to get close to each other leading to 
block the surface by making a fully developed SiC layer. 

Finally, by developing of the layer of SiC at the surface and formation 

SiC in the pores of the graphite body, the melt infiltration into the 
graphite body is stopped. When the SiC layer is fully developed, the 
dissolution of carbon into the melt, which causes the SiC layer thick
ening, is however continued with a very low rate as it needs diffusion of 
carbon through the SiC boundaries. The degradation mechanism of the 
SiC layer, which takes place mainly at high temperatures due to the 
faster diffusion through grain boundaries, is also presented in Fig (5B) 
and explained as follows:  

i. Diffusion of Si through the primary SiC grain boundaries toward 
the graphite interface.  

ii. Formation and growth of the new grains at the graphite-SiC 
interface.  

iii. Detaching of the primary SiC grains. 

In addition, it should be mentioned that at higher temperatures the 
SiC nucleation and growth has a faster kinetics and the melt has a higher 
stirring velocity in induction furnace. This can also accelerate the 
detaching of the SiC grains from the graphite surface. The discussions 
presented in this section showed the SiC layer formed at 1500 �C tem
perature was more integrated and had a lower density of grain bound
aries compared to the layer formed at 1800 �C, and hence will act better 
as a passive layer. 

3.2. Interaction of Si–Al melt with graphite 

As mentioned before, for the investigations on the Si–Al interacting 
with graphite crucible, Si was melted in the crucible and subsequently Al 
was immersed to the melt. After a few minutes of alloying the Si with Al, 
the crucible burst and melt drained away completely. The same exper
iment was repeated two times more and the same phenomenon was 
observed. Fig. (6) shows the photos of the two halves of a graphite 
crucible, which is burst after doping by Al. In order to unveil the 
mechanism of the crucible degradation, the cross section of the crucible 
was inspected by SEM. Fig. (7) represents the SEM micrographs of the 
graphite-metal cross section. Obviously, a thin layer of SiC is on the 
interface of the graphite-melt, and an infiltration region is formed inside 
the graphite crucible due to the melt infiltration. Fig. (7a) shows the 
infiltrated layer itself is consisted of two layers; a dark layer and a bright 
layer, which are called as the 1st and 2nd layers, respectively, in this 
paper. The 2nd layer (deeper in graphite) is shown at higher magnifi
cations in Fig (7b and c). These figures show the bright layer is consisted 
of multi-phase particles and would be discussed in detail later. The 1st 
layer is also depicted at higher magnifications in Fig (7d). The phases 
formed in this layer were characterized by EDS and it was confirmed that 
they are SiC (EDS spot 6 in Table 2). The surface layer formed on the 
graphite surface is also shown in Fig (7e) in which the surface layer 
formed on the graphite is composed of two phases that are characterized 

Fig. 5. The schematic illustration of the Si melt-graphite interaction showing 
the mechanism of SiC formation and growth. 

Fig. 6. The photograph of the graphite crucible after adding Al to Si at 1500 �C. 
The crucible burst immediately after the allying process. 

A. Hoseinpur and J. Safarian                                                                                                                                                                                                                



Vacuum 171 (2020) 108993

6

by EDS line scanning in Fig. (7f). This figure shows that the dark phase 
that has a rigid structure is only consisted of Si and C. However, the 
bright phase which has a porous structure is consisted of Al, Si, and C. 
The 2nd diffused layer and their corresponding EDS maps are presented 
in Fig (8). This figure shows the same porous structure is formed in the 
2nd diffused layer as well. The EDS maps makes it clear that the dark 
hexagonal phases are consisted of Si and they are free of Al, while the 
porous phases are consisted of Al. The EDS spot characterization of the 
porous phase (EDS spots 7 and 8) is presented in Table 2, indicating that 
the porous structures are composed of Al and C. However, there is about 
56.4% Si in spot 7, the spot 8 is almost free of Si (1.4%) and has a 
chemical composition close to aluminum carbide (Al4C3). Formation of 
Al4C3 in the system of Si–Al–C has also already reported in Refs. 
[25–27]. In addition, EDS characterizations of the spots 9 and 10 in Fig 
(8) show that the dark phases with hexagonal shapes are SiC and the 
bright phases are unreacted Si with C. Thus, it can be concluded that the 
second layer is consisted of Si, SiC, and Al4C3. Hence the 1st product 
layer is formed during the melting process where the graphite was in 
contact with molten Si and the 2nd layer is formed immediately after 
doping Al into Si melt. As discussed in section 3.1, it takes time for the 
SiC layer to grow completely on the graphite surface and passivation 
occurs. However, as shown in Fig (1 a-d), when Si is alloyed with Al 
there are still lots of areas on the graphite surface without the contin
uous SiC layer formed on it. This makes it possible for the Si–Al melt to 
infiltrate to the graphite body which causes the 2nd layer. The formation 
of the carbides can be represented by the following reactions: 

SiþC ​ ¼ ​ SiC; ΔG1500 ​ �C ¼ � 54250 J (1)  

4Alþ 3C ¼ Al4C3; ΔG1500 ​ �C ¼ � 97500 J (2)  

Siþ 4Alþ 4C ¼ Al4SiC4; ΔG1500 ​ �C ¼ � 160900 J (3) 

Reactions (1–3) all possess negative values of Gibbs energy indi
cating that all carbide phases at 1500 �C, are feasible to form. However, 
in the case of Si–Al alloy the activity of the elements is a function of the 
melt composition, thus the Gibbs energy of the above reactions would 
change by melt composition as well. One can calculate the Gibbs for
mation energy for the Al and Si carbides from Si–Al melts by considering 
the partial molar Gibbs energy of mixing for Al and Si as presented in the 
following reactions calculated by FactSage® software (FTlite database) 
[28]: 

Si¼Si ; ​ ​ ΔGð4Þ ¼ ​ G
M
Si ¼R:T:lnðaSi Þ (4)  

Al¼Al ; ​ ΔGð5Þ ¼ GM
Al¼R:T:lnðaAl Þ (5)  

Where the underlined Si and Al in the above reactions indicate the Si 
and Al are in the solution state, GM

Si and GM
Al show the partial molar Gibbs 

energy of mixing as a function of molar fraction of Al (xAl) in the melt, 
respectively. The aSi and aAl denote the activity of Si and Al in the and 
can be expressed thorough the following equations at 1500 �C (FactS
age® software): 

Fig. 7. SEM-BS micrographs belonging to the burst graphite crucible after adding Al to Si melt at 1500 �C, (a): cross-section of the graphite crucible representing the 
two infiltrated layers formed in the graphite, (b, c) 2nd infiltrated layer at higher magnifications. (d): the 1st layer at higher magnifications, (e): the surface layer 
formed on the graphite crucible, (f): The EDS line scan of the surface layer. 
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aSi ; 1500 �C ¼ � 0:8595x3
Si þ 1:6198x2

Si þ 0:2367 xSi þ 0:0093 (6)  

aAl ; 1500 �C ¼ � 1:0409x4
Al þ 1:4584x3

Al þ 0:1183x2
Al þ 0:462xAl (7)  

Now by applying Hess’s law on the reactions (1–5) and by considering 
the solution state for the dissolved species, carbide formation reactions 
from Si–Al melts can be rewritten as follows: 

Si þC ​ ¼ ​ SiC; ​ ΔGð8Þ ¼ΔGð1Þ � ΔGð4Þ ¼ � 54250 � RT:lnðaSi Þ; J (8)  

4
3
​ Al ​ þC¼

1
3

Al4C3; ​ ΔGð9Þ ¼
1
3
ΔGð2Þ �

4 ​
3

ΔGð5Þ ¼ � 32500

�
4
3

RT:lnðaAl Þ; ​ J (9)  

1
4

Si þAl þC¼
1
4
Al4SiC4; ΔGð8Þ ¼

1
4

ΔGð3Þ �
1 ​
4

ΔGð4Þ � ΔGð5Þ ¼ � 40225

� RT:ln

0

B
@aAl :a

1
4
Si

1

C
A; ​ J

(10) 

Considering the activity definition for element i in the melt as ai ¼

xi:γi, the change in Gibbs formation energy for SiC, Al4C3, and Al4SiC4 
through reactions (8–10) and as a function of (xAl) can be calculated as 
presented in Fig (9). Reactions (8–10) are balanced for consumption of 
1 mol carbon and thus the carbides can be compared with regard to their 
stability, similar to the Ellingham diagrams. Thus, the curves that are at 
lower positions in Fig (9) show the more favorable reaction. This figure 
indicates that for low concentrations of Al in the melt (xAl < 0.12) the 
only stable carbide is SiC, but by increasing the xAl the Al4SiC4 and Al4C3 
become stable at xAl ¼ 0.12 and 0.3, respectively. However, in real 
conditions, as the Si–Al melt infiltrates to the graphite body, various 
ratios of Si–Al–C could be experienced in local positions hence the 
Si–Al–C phase diagram should be applied here to study the formation of 
feasible phases. The Si–Al–C ternary phase diagram at 1500 �C is pre
sented in Fig (10) as calculated by FactSage® thermodynamic software 
and the initial composition of the Si-20 wt%Al melt is marked on the 
diagram. As the melt infiltrates to the graphite body the local compo
sition shifts toward the bottom side and left vertex of the triangle where 
the SiC, Al4C3, Al4SiC4, and C are the stable phases. 

3.3. Structural stress due to carbide formation 

As we showed in section 3.2, the failure of the crucible corresponds 
to the formation of Al carbides in the graphite body. The formation of 
carbide species in the graphite body exerts considerable stresses in the 
material leading to the degradation of the crucible. Table (3) presents 
the volume change and the distortion exerted on the crucible due to the 

Fig. 8. (a): The SEM-BS micrograph showing the phases formed in the graphite 
body at the 2nd layer. (b): the corresponding EDS maps. 

Fig. 9. Gibbs free energy of formation for the SiC, Al4SiC4, and Al4C3 from 
1 mol of C and as a function of xAl. 

Fig. 10. The ternary phase diagram of Si–Al–C at 1500 �C.  
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formation of SiC and aluminum carbides through reactions (8–10). The 
volume change and strain exerted in the crucible can be calculated 
through the following equations: 

ΔV ¼VCarbide � VGraphite (11)  

Δ%¼
ΔV

VCarbon
� 100 (12) 

Table 3 
Theoretical volume change and volume strain exerted on the graphite body per 
1 mol of carbon.  

Reaction ΔV ϵ % 

Si þ C ¼ SiC 7.376 1.39 
4/3 Al þ C ¼ 1/3 Al4C3 15 2.83 
Al þ C þ ¼ Si ¼ ¼ Al4SiC4 12.17 2.29  

Fig. 11. (a): the photograph of the treated crucible after 1 h of holding Si-20 wt%Al at 1500 �C. (b): XRD pattern of the demolished part of the crucible. (c, d): 
photographs of the graphite crucible after holding Si at 1500 �C for 1 h. (e): schematic illustration of the evaporation phenomena from the melt, (f): schematic 
illustration for the mechanism Si–Al fumes interactions with graphite crucible. 
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where ΔV denotes the volume change for the formation of carbide from 
1 mol of carbon. The VCarbide and VCarbon denote the volume of the car
bide and graphite per mole of carbon. Table (3) reveals the volumetric 
strains for the formation of Al4C3 and Al4SiC4 from 1 mol of carbon are 
much more than that of SiC. Therefore, Al carbides in the graphite body 
exerts more strain on the graphite crucible which can be the main cause 
of the degradation of graphite crucible seen in Fig. (4), which is in a good 
agreement with results of Jacquier et al. [29]. Table (3) shows the strain 
exerting from the formation of SiC itself is also considerable, but the 
results presented in section 3.1 showed that graphite can hold the Si melt 
for long times without being destructed. This can be related to the fact 
that the SiC layer which forms on the graphite can passivate the graphite 
surface and stop the melt infiltration and so the development of SiC 
formation to a critical level. Our experiences in using graphite crucibles 
for many years show that more porous graphite has a higher chance for 
breakage even in the case of holding Si melt, which is due to more SiC 
formation in the body. However, as Figs (7e and 8) showed, the 
aluminum carbides have a porous structure and as they form on the 
surface, they cannot passivate the graphite surface. In addition, the 
wetting angel of graphite with Al and high Aluminum Si alloys decreases 
intensively at temperatures higher than 1100 �C [30]. Thus, Al addition 
to Si melt increases the melt infiltration to the graphite body. Therefore, 
graphite crucible cannot hold Si–Al alloys at high temperatures. 

3.4. Si–Al melt interaction with SiC-passivated crucible 

It was experienced that the SiC-passivated crucible, by melting of Si 
for 1 h at 1500 �C, succeeded later to hold the Si-20 wt%Al alloy without 
degradation. However, in the vacuum conditions, as it is shown in Fig 
(11a), after 90 min of holding the Si–Al melt in the crucible, the top part 
of the crucible (around the neck of the crucible where is not in contact 
with the melt) was cracked due to the reaction with the condensed phase 
that evaporated from the melt surface due to lower temperatures on the 
upper part of crucible. In order to unveil the mechanism of the crucible 
destruction at the top part we characterized the cracked part of the 

crucible by XRD and the result is illustrated in Fig (11b). The XRD 
pattern shows the degraded part of the crucible is consisted of C, SiC, Si, 
Al4C3, and Al4SiC4 phases. This indicates on the considerable evapora
tion of the Si and Al from the melt which further condensed and reacted 
with the top part of the crucible. Fig. (11c and d) shows the cross-section 
of a graphite crucible after holding Si melt for 1 h. This figure represents 
the inner side of a graphite crucible after holding Si melt in vacuum 
conditions at 1500 �C and before adding Al to the melt. Fig. (11c and d) 
reveal that there are many droplets formed on the upper crucible wall at 
the same height as the passivated crucible where Si was alloyed with Al. 
This shows Si evaporates during the vacuum conditions and condenses 
at higher levels of the crucible’s wall, where the temperature is lower 
than the Si melting point. Fig. (11e and f) illustrate a schematic of the 
phenomena taking place in a crucible holding Si–Al during the vacuum 
conditions. Fig. (11e) shows the Si and Al gas atoms evaporated from the 
melt hit the crucible’s wall and since there is a temperature gradient in 
the vertical direction, the vapors are condensed at these colder regions 
on top of the crucible. As Si vapor condenses on the wall, some liquid 
droplets of Si(l) will form on the crucible wall during the vacuum pro
cess. This phenomenon is schematically shown in Fig (11f) where the Al 
vapor is dissolved into the Si droplets formed on the graphite crucible 
and start interacting with the graphite body to form Al4C3 and 
destroying the crucible with the same mechanism discussed in section 
3.2. The vapor partial pressure of Al and Si (pAl and pSi, respectively) in 
the Si–Al melts as a function of Al content are calculated as shown in Fig 
(12). This figure shows that pAl is hundred times higher than pSi in Si–Al 
melts, making the evaporation of Al to be tremendously higher than Si in 
vacuum conditions. However, as Si has higher melting point than Al 
(1410 �C and 660 �C, respectively) the top part of crucible could be a 
cold place for Si to condense and form the Si droplets on the graphite 
wall where Al can dissolve in. 

The melt composition over time of the vacuum treatment is pre
sented in Table (4). As this table shows, Al content in the melt decreases 
by the vacuum treating time. Table (4) is in good correspondence with 
the vapor pressure of Al and Si presented in Fig (12), indicating on the 

Fig. 12. The partial vapor pressure of Si and Al in the Si–Al system at various temperatures.  

Table 4 
Concentration of Al and P in the Si-20 wt% Al alloy over the time of the vacuum refining at 1500 �C characterized by ICP-MS, the data of this research are compared 
with P removal from Si melt by vacuum refining reported in Refs. [11,17].  

Research and melt composition Element (wt.%) Initial content 30 min 60 min 90 min 150 min 

This research (Si–20Al melt) Al 19.95 17.5 12.27 11.39 – 
P 18� 10� 4  16:44� 10� 4  11:25� 10� 4  4:25� 10� 4  – 

Safarian (Si melt) [11,17] P 16:66� 10� 4  18� 10� 4  13:87� 10� 4  – 9:8� 10� 4   
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greater evaporation extent of Al due to its higher vapor pressure. Thus, 
the vapors emitting from the melt surface in vacuum conditions would 
mainly consist of Al vapor. In addition, the P concentration in the Si–Al 
melt over the time of vacuum refining is also included in the Table (4) 
and is compared with the P removal from Si melt by Safarian in Refs. 
[11,17]. Table (4), indicates that at 1500 �C the P evaporation from 
Si-20 wt%Al melt has a faster kinetics compared to Si melt. This in
dicates that Al addition to the Si accelerates the vacuum evaporation of P 
from Si, which has high importance for production of SoG-Si. 

Although the top part of the SiC-passivated crucible was degraded 
during the vacuum treatment, the bottom part was found solid and 
without any crack after holding the Si–Al melt for 1 h. Fig (13) shows 
SEM micrographs belonging to the cross-section of this crucible. 
Fig. (13a) shows the infiltrated layer in graphite body is only consisted 
of SiC particles and Al compounds cannot be detected in the crucible 
body. This shows that the SiC-passive layer process was successful to 
prevent the Si–Al melt infiltration to the graphite body. The SiC surface 
layer is illustrated in Fig (13 b, c) and it shows that the SiC layer covers 
the graphite surface continually. However, it was barely possible to find 
some phases rich of Al generated at the surface. The EDS line scans in Fig 
(13 d-f) compares the rigid and porous parts of the surface layer which 
indicates that the porous structure is consisted of Al. At this point two 
scenarios could be considered for Al interaction with the primary SiC 
layer;  

a Reaction of Al in the melt with the primary SiC layer  

b Diffusion of Al and/or C through the primary SiC grain boundaries to 
form Al carbides through the reaction of Al and C. 

Which can be expressed through the following reactions: 

SiC ​ þ 4
3

Al ​ ¼ 1
3
Al4C3 ​ þ ​ Si ​ ; ​ ΔGð13Þ ¼ΔGð8Þ � ΔGð9Þ ¼ 21750

þ R:T:ln

0

B
B
B
B
@

aSi

a
4 =3
Al

1

C
C
C
C
A
; J (13)  

SiC ​ þ 4Al þ 3C¼Al4SiC4; ΔGð14Þ ¼ � ΔGð1Þ þΔGð3Þ � 4ΔGð5Þ ¼ � 106650

� RT:ln
�

a4
Al

�
; J

(14)  

SiC ​ þ ​ Al4C3 ​ ¼ ​ Al4SiC4; ​ ​ ΔG 1500 �C ¼ ​ � 11900; ​ ​ J ​ (15) 

Reaction (13) presents the SiC layer destruction with Al . Reaction 
(14) presents the SiC interaction with the diffused Al and/or C through 
the SiC grain boundaries and reaction (15) presents the interaction of 
primary SiC layer with the possibly formed Al4C3 at the surface of SiC by 
the reaction of diffused C and Al in the melt. Fig. (14) presents the 
standard Gibbs energy changes for the reactions (13–14) over a wide 
range of melt composition. As we see, reactions (13) and (14) have a 

Fig. 13. SEM micrographs of the graphite and Si–Al melt interface. (a–c): infiltrated layer and the primary SiC layer on the surface. (d): the secondary electrons 
micrograph of the interface. (e, f): the BSE and EDS line scans of two different lines corresponding to the (e). 

A. Hoseinpur and J. Safarian                                                                                                                                                                                                                



Vacuum 171 (2020) 108993

11

positive change of Gibbs energy at the Si reach side of Si–Al melt 
composition and they become negative when if xAl > 0.73 and 
xAl > 0.25, respectively, while reaction (15) possess a constant negative 
Gibbs energy change for all compositions of Si–Al melts. Therefore, for 

the Si reach alloys of Si–Al melts (where xAl < 0.25) in presence of C, 
reactions (13) cannot take place and the primary SiC layer can tolerate 
the Si-20 Wt.%Al melt. However, it should also be considered that the 
local compositions between SiC grains can be different than the melt 
composition due to Al diffusion. Thus. Reactions (13–15) can take place 
locally because of high concentrations of Al at some local positions, even 
at Si–Al melts that are reach of Si. It is worth noting that the develop
ment of carbide formation through reaction (13) is depending on the 
carbon transport in the system and therefore the carbon diffusion (from 
graphite and through formed SiC) will be a rate limiting and therefore 
the SiC-passivated layer can stay stable for relatively long times for 
practical applications. 

Fig. (15) compares the proposed mechanisms of Al interactions with 
the graphite crucible before and after the SiC-passivation process. This 
figure shows that in the not passivated crucible, the SiC layer is not fully 
developed when Al is added into Si melt, Fig (15A-i). Thus, most area of 
the crucible surface is still not passivated by SiC layer and is vulnerable 
to react with the melt, Fig (15A-ii). Subsequently as Al is added to the 
melt, Si–Al alloy infiltrates to the graphite body and it forms the Al 
carbides, Fig (15 A-iii). Regarding the thermodynamic investigations 
presented in Figs (9 and 10) and the EDS characterizations in Fig (8), the 
2nd layer could consist of SiC and Al carbides. However, in the SiC- 
passivated crucibles, Fig (15B-i), a fully developed SiC passive layer is 
formed on the graphite surface which prevents the Si–Al melt infiltration 
to the graphite body. However, if xAl > 0.25, carbon can diffuse through 
the grain boundaries of the primarily SiC layer to react with the Al, Fig 
(15B-ii). This can lead to the formation of Al carbides and destruction of 
the SiC layer, Fig (15B-iii). 

In order to study if that the SiC degradation by Al can be prevented 
by excluding the extra C in the system, a SiC crucible was used for 
melting the Si–Al alloys and holding the alloys for 6 h at 1500 �C and 
vacuum conditions. Fig. (16) shows the interface of the SiC crucible and 
the Si–Al alloy after 6 h holding. As can be seen there is no effect of melt 
interaction with the SiC crucible and its surface is totally free of 
aluminum carbides. This figure shows that SiC could be an appropriate 
material for holding Si–Al melts at high temperatures if there is no C in 
the system. Previous wetting investigations of SiC substrates with Al–Si 
alloys reach in Al [31] and pure Al [27] showed the formation of Al4C3 
and the degradation of SiC substrates. These results are in good agree
ments with the results of Fig (14), where we showed the SiC layer cannot 
be damaged if it is in contact with Si–Al melts with xAl < 0.25, if extra 
carbon is not present in the system. These results indicate that SiC 
crucibles are suitable for holding Si–Al melts at high temperatures. 

4. Conclusions 

The interaction of Si and Si-20 wt%Al melts with graphite and SiC 
crucibles were investigated at 1500 �C and the main conclusions can be 
presented as: 

Fig. 14. Gibbs energy change for the reactions of SiC with Al at 1500 �C and as 
a function of xAl. 

Fig. 15. Schematic illustrations of the melt interaction with graphite crucibles 
with Si–Al melts. (a): non-treated graphite crucible, (b): SiC passivated crucible 
before doping Al to the melt. 

Fig. 16. SEM micrographs of the SiC crucible after holding Si-20 wt%Al melt for 3 h at 1500 �C.  
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� The SiC layer forming on the graphite crucible is the result of gran
ular growth of SiC nuclei on the graphite surface, which depends on 
carbon dissolution into silicon and further deposition as SiC.  
� It was not possible to hold Si-20 wt%Al melt in the graphite crucible 

due to melt infiltration to the crucible which led to graphite 
degradation.  
� Aluminum carbides are formed in the graphite body due to the melt 

infiltration after alloying with Al. A SiC-passivation step for graphite 
crucible is very helpful to hold the Si–Al melts.  
� At vacuum conditions, the not SiC-passivated parts of the graphite 

crucible may degrade due to the condensation of liquid Si and Al 
from the gas vapors, and fully passivated surfaces are recommended.  
� SiC crucible is stable for Si-20 wt%Al and does not interact with the 

melt as long as there is no excess of carbon (solid or dissolved in the 
Si–Al melt).  
� Thermodynamics calculations showed the maximum allowed of Al 

content in in Si–Al alloy for the SiC passivated graphite crucibles and 
SiC crucibles are 0.25 and 0.73, respectively. 
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