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Abstract 

CrSi2 ingots were grown by the Vertical Gradient Freeze (VGF) method in silica (SiO2) crucibles with 

boron nitride (BN) coating and in pyrolytic boron nitride (pBN) crucibles in order to minimize the 

sticking and the reaction with the molten Cr-Si alloy. High quality chromium disilicide single crystal 

was obtained with a mosaicity of 1 to 2° using pBN crucible with a thermal gradient of 0.6 K/mm and 

a growth rate of 10 mm/h. To recycle the crucibles and so to reduce the production costs, pBN 

crucibles were cleaned with hydrofluoric acid solution. As a result of this treatment, it was not 

possible to obtain CrSi2 single crystals due to a modification of the crucible surface and the subsequent 

increase of boron compounds in the melt during the growth. The effect of the growth conditions on the 

microstructure of polycrystalline sample was also investigated using the texture analysis technique. 

Keywords: A1. Directional solidification A2. Gradient freeze technique, A2. Single crystal growth, 

A2. Growth from melt B1. Silicide, B2. Semiconducting silicon compounds 

1. Introduction

Semiconducting transition metal silicides have been largely developed these last decades providing 

new prospects on silicon-based microsystems integration [1, 2]. Among them, chromium disilicide 

(CrSi2) has been largely studied as it possesses a high thermal stability up to 1000 K under air [3-7] 

and a small and indirect electronic bandgap (0.3 – 0.4 eV) [8-13]. This alloy can be considered for 

opto-electronic devices such as IR detectors [8, 14, 15], as thin film resistor [16, 17] and is particularly 

promising for thermoelectric applications [4, 13, 18-21]. 

CrSi2 crystalizes in a C40 hexagonal structure with the P6222 space group and lattice parameters a = 

4.428 Å and c = 6.368 Å [4]. Large single crystals (up to 400 cm3) have already been elaborated by the 

Czochralski method [11, 22-26] or by the zone melting method [12, 27-32]. Small single crystal 
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needles (up to 10 mm length and 0.3 mm diameter) have been obtained using tin flux with the 

Bridgman technique [3, 33-36] but it is not adapted for large crystal growth. To finish, centimetric 

manganese-doped CrSi2 single crystals were grown by Shinoda et al. [11] using the Vertical Gradient 

Freeze (VGF) method without the use of a flux. However, the growth conditions and the quality of the 

crystals were not given in details. The VGF method is a variant of the Bridgman method which consist 

of moving the solid-liquid interface in a stationary crucible by lowering the temperature of the furnace 

instead of pulling down the crystal [37]. To our knowledge, no study of the growth mechanisms of 

CrSi2 alloys with the VGF method were reported elsewhere. 

To grow CrSi2 crystals, the crucible has to be chemically compatible with Cr-Si to about 1800 K 

(maximum temperature which could be reached by the molten alloy) and its linear thermal expansion 

should be close to that of CrSi2 in order to limit the thermo-mechanical stress and the dislocations. 

However, CrSi2 has an anisotropic linear thermal expansion coefficient (LTEC) along a and c axis 

such as �� = 24.10-6 K-1 and �� = 10.10-6 K-1 at 1600 K [38] whereas for silica and pyrolytic boron 

nitride (pBN) crucible it is respectively about 0.5.10-6  K-1 (1000 K [39]) and 1.10-6 to 3.10-6 K-1 (300 

K to 1273 K [40]). The difference of LTEC between CrSi2 and the crucibles being more than one order 

of magnitude, it seems difficult to comply with this concern. Nevertheless, BN is material of choice 

for a crucible as it is known to be pretty stable with molten silicon and because molten silicon does not 

wet BN [41, 42]. This avoids sticking between the ingot and the crucible and limits the stress [43].  

In this study we focus on the crystal growth of CrSi2 ingots by the VGF method without the use of a 

flux nor the use of a seed to simplify the process. Two types of crucibles were investigated, SiO2 

crucibles with BN coating as they are pretty cheap for scaling up the process and pBN crucibles which 

are denser, to limit the contamination from the BN coating, but also more expensive. To decrease the 

cost, a pBN crucible was also recycled and cleaned with HF. The effect on the chemical composition 

and on the microstructure of the different ingots were investigated by texture analysis and the 

conditions to grow a CrSi2 single crystal are given. 

2. Material and methods

2.1.  Materials elaboration

Stoichiometric amount of Cr granules (Alfa Aesar®, 99.99 %) and Si lumps (Alfa Aesar®, 99.9999 

%) are melted together under Ar atmosphere (Air liquid®, 5N) by arc-melting. The apparatus is made 

of a tungsten electrode and a copper crucible both cooled with water. The obtained droplets are then 

crushed in an agate mortar in the shape of lump of less than 1 mm. 4 g are used to fill the silica glass 

crucible (SiO2) with BN coating (spray coating from Final Advanced Materials® company) or to fill 

the pBN crucible (manufactured by Neyco® [40]). The typical dimensions are 40 mm and 80 mm in 

length with an inner diameter of 7 mm. The silica crucibles and pBN crucibles have respectively a flat 

and a conical bottom (about 30°) as shown in Figure 1-a and 1-b. 
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A schematic diagram of the vertical Bridgman growth furnace used in this experiment is shown in 

Figure 1-c. It is composed of a single conical shaped graphite heater specially designed to obtain a 

linear thermal gradient vertically and to minimize radial thermal gradients [44-46]. The crucible is 

maintained in the center of the heater using a graphite holder. The temperature gradient on the crucible 

is controlled by its vertical position in the heater. It is measured in-situ using two thermocouples 

placed at the top and at the bottom of the crucible (Figure 1-c). The accuracy of the thermocouples was 

estimated to be �3°C after calibration and their positioning could lead to additional experimental error 

as they are not in direct contact with the liquid.  

In Figure 2-a is given an example of the measured top and bottom temperatures according to the 

crucible position in the furnace. A thermal gradient with a higher top temperature is obtained for a 

distance from the top of the heater more than 50 mm. Three purging in vacuum are performed at 300 

K and at 573 K to eliminate potential released species, then the furnace is kept under static Ar 

atmosphere at 1.5 bar for the whole experiment (Air Product®, 5.2 N). The temperature is regulated 

with the bottom thermocouple (marked 4 on Figure 1-c). CrSi2 alloy is melted by holding it at a 

temperature higher than 1750 K at the bottom of the crucible (which is above the melting point of 

1712 K [47-49]), during 1 h. The cooling rate is first set to 5 - 10 K/h down to 1423 K to grow the 

crystal. It is increased to 50 K/h down to 1173 K and to 100 K/h down to 300K (See Figure 2-b). This 

two steps process was chosen to limit the thermal stress in the ingot.  

 

Figure 1: a) Silica glass crucible coated with BN b) pBN crucible c) schematic diagram of the 

VGF growth furnace (1- crucible; 2- graphite holder; 3- carbon heater; 4- bottom 

thermocouples; 5 – top thermocouple 6- carbon foam insulator; 7- water cooling). 
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Figure 2: a) Temperature distribution in the furnace as a function of the position of the top of 

the 40 mm length crucible  Bottom thermocouple  Top thermocouple (marked respectively 4 

and 5 on Figure 1-c). The position 0 is taken as the top of the conical carbon heater. 

b) Temperature program controlled by the bottom thermocouple.

The experimental conditions are given in Table 1 for four selected ingots. The ingot (A) is elaborated 

in silica glass crucible with BN coating. The ingots (B), (C) and (D) are elaborated in pBN crucibles. 

The crucible of the ingot (C) was previously treated with hydrofluoric acid (HF). Ingots (B) and (C) 

are obtained with similar conditions and ingot (D), which is longer to consider scaling-up, is obtained 

at higher growth rate. The maximum temperature reached by ingot (A) is about 1820 K. For ingots (B) 

and (C) it is about 1775K whereas it is about 1800 K for the ingot (D) as it is longer.  

Table 1: Experimental growth conditions (cooling rate, thermal gradient and growth rate) of 4 

ingots grown in 40 and 80 mm length, 7 mm inner diameter crucible in (A) Silica glass (SiO2) 

coated with BN, (B) and (D) pBN, (C) pBN treated with HF. 

Ingot Crucible type 
Cooling rate 

(K/h) 

Thermal gradient 

(K/mm) 

Growth rate 

(mm/h) 

(A) 
40 mm Length 

SiO2 + BN coating 
10 1.7 6 

(B) 
40 mm Length 

pBN 
6 0.6 10.0 

(C) 
40 mm Length 

HF treated pBN 
6 0.6 10.0 

(D) 
80 mm Length 

pBN 
10 0.6 22 



5 

 

2.2. Characterization 

The droplets obtained after arc melting and the ingots obtained by VGF were analyzed using a powder 

X-Ray Diffraction apparatus (Philips X'PERT, Cu-K� radiation 1.5406 Å with an accelerated detector 

PW3050/60 at 45 kV and 30mA settings). The droplets were only composed of the CrSi2 phase and 

every droplet containing a secondary phase was removed at this step (diffraction pattern is given in 

S.I. Fig. S1). The chemical homogeneity and the composition of the ingot (A) were checked using an 

SDD Oxford Instrument X-Max 50 mm2
 Energy Dispersive X-Ray Spectroscopy (EDX) detector 

mounted on a FEI Quanta 200 FEG Scanning Electron Microscope (SEM). The chemical composition 

of the single crystalline ingot (B) was measured using an electron probe micro analysis on a 

CAMECA SX-100 instrument equipped with five wavelength-dispersive X-ray spectrometers (WDS) 

at the Service Microsonde Sud (Montpellier). Electron Back Scattering Diffraction (EBSD) analysis 

were carried out on ingot (B), (C) and (D) with a CamScan Crystal Probe X500FE SEM equipped with 

an EDX X-MaxN 20 mm2 detector and HKL NordlysNano EBSD detector. The data were acquired 

with step sizes from 5 to 15 µm depending on the crystalline size to probe and treated with 

CHANNEL5 (Oxford Instrument) software. Polycrystalline ingots (C) and (D) were characterized by 

texture analysis in terms of misorientation angle distribution, pole figures and population categories 

[50]. The population categories can be separated as: the “correlated” plot which displays the 

misorientation distribution between two adjacent grains; the “uncorrelated” population which displays 

the misorientation between random pairs from the grain list. The latter enables to determine the 

misorientation angle distribution considering no interaction between grains. For ingots (C) and (D), 

respectively 3319 and 1442 pairs of correlated grains were considered, and 5000 random pairs in both 

cases. The increase of the random pair population doesn’t change the statistics. These two statistics 

were compared with a random distribution given by the Mackenzie plot in the case of an hexagonal 

space group [51, 52]. The misorientation angles below 5° are removed to avoid the mosaicity effect 

and to limit instrumental errors [53]. 

Laue neutron diffraction patterns were recorded in back-reflection geometry on ingot (B) on the 

Orient-Express diffractometer at the Institute Laue Langevin (ILL) using two high-performance 

image-intensified CCD cameras coupled to a large-area neutron scintillator [54]. The stationary crystal 

was irradiated 1 min with a polychromatic neutron beam from 0.8 to 3.2 Å. Data were treated with 

Cologne Laue Indexation Program (CLIP) [55]. 

3. Results and Discussion 

The good melting of the starting materials was observed ex-situ by looking at the overall homogeneity 

of the ingots and at their shape which were found to be similar to that of the crucibles (See Figure 3). 

The crystal growth conditions of ingot (A), grown in silica crucible with BN coating, will be first 

discussed followed by a discussion on ingots (B), (D) and (C), grown in new and in recycled pBN 
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crucible using HF treatment. The first difference we observe is the difference of the bottom shape of 

the ingot (C) compared to the ingots (B) and (D). This difference could be attributed to a modification 

of the interface between the crucible and the molten CrSi2. One possible explanation would be that the 

wettability of CrSi2 increases due to the formation of NH4BF4 at the interface by a reaction between HF 

and BN [56, 57]. Nevertheless, this assumption needs further investigation to confirm. To notice, a 

low wettability between the crucible and the melt is interesting to limit heterogeneous nucleation on 

the walls and to reduce the interactions between the molten elements and the crucible. The impact of 

the crucible and of the growth conditions on the microstructure are discussed in detail in the following 

paragraphs. 

 

Figure 3: Optical image of ingot (A) to (D). 

3.1. Crystal growth in silica glass crucible with BN coating 

The SEM back-scattered images of the ingot (A) are given in the Figure 4 after polishing the surface. 

Two main phases are observed along the ingot, a light grey phase which covers most of the surface 

and a black phase with irregular faceted shapes (from 100 to 200 µm length) only at the bottom and at 

the top of the ingot. The chemical composition of the areas marked from 1 to 5, are given in Table 2. It 

shows that the areas 1, 4 and 5 with light grey contrast corresponds to the CrSi2 phase with an atomic 

ratio close to the theoretical value of 2. These results also show that the CrSi2 composition is the same 

all along the ingot. One can also observe that the oxygen content is negligible (below 2 at.%) and that 

the black areas possess a high content of carbon and silicon (areas 2 and 3). We do not observe at this 

resolution B- or N-rich phases. The large amount of carbon found in areas 1, 4 and 5 comes from 

external contamination and residual carbon in the SEM vacuum chamber. Indeed, the carbon solubility 

limit in CrSi2 is expected to be low or even negligible [58]. 
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From our powder XRD characterization of the volume of the top and of the center of the ingot, (see 

Figure 5), one observes the presence of CrSi2 as the main phase and of minor secondary phases such as 

SiC, CrB and Cr5Si3. There is consequently a contamination of the Cr-Si alloys by C and B coming 

respectively from the furnace (most of the components are made of C graphite) and from the BN 

coating of the crucible. This carbon contamination is also observed for silicon crystal growth and can 

be explained by a reaction between the silica crucible and the carbon holder [59-63]. A tentative 

explanation of the presence of SiC can be given following the behavior already observed on silicon 

crystal [59, 63]. 

 

Figure 4: Optical image of the ingot (A) elaborated in silica glass crucible (right) and 

backscattered SEM images near the surface of the ingot at different positions (left). The 

different areas analyzed by EDX are identified from 1 to 5. 

 

 

 

 

 

 

Table 2: Chemical composition of Si, Cr, C and O near the surface of the ingot given by EDX 

from the five areas, noted 1 to 5 and identified in Figure 4. The Si/Cr ratio is also given in the 

homogeneous areas. 

 

Composition 

(%at.) 
1 2 3 4 5 

Si 57,2 48,2 35,3 57,1 57,4 

Cr 31,4 0,0 0,4 30,5 31,6 

C 11,4 53,6 62,4 12,4 10,6 

O 0,0 1,2 2,0 0,0 0,4 

Si/Cr 1,8 / / 1,9 1,8 
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Figure 5. Powder X-Ray Diffraction of ingot (A) at the center and at the top of the ingot. 

Secondary phases are observed and indexed on the top pattern. The phase indexation is made 

from the ICDD PDF database (CrSi2: 04-016-2861, SiC: 04-008-2393, CrB: 01-089-3587, Cr5Si3: 

04-001-7859). 

The maximum temperature reached by the crucible ranges from 1750 K (bottom) and 1820 K (top). 

The reactions which can occur are listed below:  

3	 
�� 
 ���� 
�� ⟶ ��	 
�� 
 2	� 
��  (1) 

	 
�� 
 ���� 
�� → ��� 
�� 
 	� 
��   (2) 

With the reaction (1) and (2) one observes the formation of SiC(s), SiO(g) and CO(g) at the interface 

between the crucible and the graphite holder. The SiO(g) should condense in the colder parts of the 

furnace and this is what we observe in the shape of needle of less than 1mm. Concerning the carbon 

monoxide, CO(g), it can dissolve in the molten CrSi2 following the reaction (3) such as: 

	���� 
�� 
 0,7	� 
�� ⟶ 0,7��	 
�� 
 0,7��� 
�� 
 0,2	����� 
�� (3) 

Through this reaction, SiC and Cr5Si3 should be obtained in the melt. This is indeed what was 

observed by XRD (see Figure 5). As described previously, the presence of SiO is also observed in the 

cold areas of the furnace. The presence of SiC at the bottom and at the top of the crucible could be 

explained by segregation mechanisms widely presented in the literature during Si crystal growth [64, 

65]. To notice, as silica crucibles are well adapted for large scale development of the process, and are 

already used in the industry because of their low price and easy manufacture, it would be suitable to 

use a furnace without graphite elements. However, the BN coating between the silica crucible and the 

melt has to be optimized and densified in order to limit the heterogeneous nucleation on the wall or on 
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small BN particles which could come off. Another solution would be to use pyrolytic BN crucible to 

avoid carbon contamination and this will be discussed in the next section. 

3.2. Crystal growth in pBN crucible 

The EBSD band contrast images with secondary phases coloration of the ingots (B), (C) and (D) are 

given in Figure 6. As expected, we do not observe the presence of SiC with the use of pBN crucible, 

confirming its origin from the reaction between SiO2 and C. Nevertheless, small amounts of chromium 

borides (CrB, CrB2 and Cr3B4) (below 5 w.%) were identified in both ingots and come from the 

reaction with the boron of the crucible. One also notices several pores surrounded by small Cr5Si3 

precipitates which may have appeared after tearing off larger Cr5Si3 precipitates while dicing and 

polishing the ingot. It is not surprising to observe that borides precipitates are more important in the 

ingot (C) than in the ingot (B) and (D) as HF treatment could have modified the surface of the crucible 

in terms of chemical composition, wettability and roughness. One also notices that the amount of 

secondary phases is also important at the bottom of the ingot (D) despite of the use of a new crucible. 

As described previously, this ingot is subjected to a higher temperature (about 1800 K vs 1775 K) 

which could increase the reaction/diffusion of boron with/in the Cr-Si melt. The presence of large 

boron amount leads to the consumption of chromium and the subsequent rejection of silicon at the top 

of the ingot. 

 
 

 

Figure 6: Optical and EBSD band contrast (cross-section) images of the ingots (B) and (C). The 

secondary phases identified by EBSD are colored. The grey parts are indexed to CrSi2. 
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The EBSD orientation maps and the pole figures of the ingots (B), (C) and (D) are given in Figure 7. 

One observes that the ingot (B) is about 95% monocrystalline with a growth direction along the 

<011�0> axis. The quality of this single crystal is confirmed in Figure 8-a, showing the amplified 

texture map of the ingot with a misorientation angle ranging from 0° to 5°. The top and the edges of 

the ingot have a misorientation angle higher than 1° and the center of the ingot has a misorientation 

angle below 0.5°. The Laue neutron diffraction pattern is given in Figure 8-b to probe the entire 

volume of the ingot. Every spot can be indexed with the CrSi2 phase with the zone axis near <0001> 

confirming the single crystalline state of the ingot. A mosaicity of about 1 to 2° can be estimated 

according to the spot length. The chemical composition of the ingot (B) was characterized by WDS. It 

is homogeneous all along the ingot and shows a small silicon deficit in the material corresponding to 

the stoichiometry CrSi1.96. This result is consistent with the existing domain of CrSi2 given in the 

literature [22, 66, 67]. 

Concerning the ingots (C) and (D), they are made of numerous columnar and equiaxed grains with 

increasing size during the growth. The rough shape of the grains observed in both ingots can be 

explained by the well-known Jackson’s factor [68] such as: 

  

� =
�

 

!

"#$%
 

where � is the number of nearest neighbor sites adjacent to an atom in the plane of the interface,  , the 

total number of nearest neighbors of an atom in the crystal, !, the latent heat of fusion, "#, the 

Boltzmann constant and $%, the melting point of the alloy. If � > 2, a faceted interface can be 

expected whereas if � < 2 a rough interface is obtained. In general, metals usually have � < 2 

whereas for semiconductors 2 < � < 3. For CrSi2 using  = 10, ! = 42.1 kJ.mol-1 [69] and $% =

1712 K, one obtains � = 0.59 in the (0001) plan and � = 1.48 in the (011�0) plan. These results are 

consistent with the morphology observed in ingots (C) and (D) where a rough interface is observed. It 

is interesting to notice that the values of � obtained for CrSi2 are lower than those of semiconductors 

[70, 71] which means that CrSi2 has a growth behavior close to the one of metallic compounds.  

From the orientation maps and the pole figures given in Figure 7 one observes that the grains of the 

ingots (C) and (D), in contact with the crucible, have a preferential orientation which is predominant 

throughout the ingot. Ingot (C) has a preferential growth direction along < 011�0 > axis, as for ingot 

(B), whereas for ingot (D), elaborated with a higher crystal growth rate, it is slightly shifted to this 

axis. This shift has already been described when the crystal growth rate in silicon is increased [72]. To 

notice, for CrSi2 nanowires or needles growth (with the use of a flux), the preferential growth direction 

is along the < 0001 > axis [3, 73, 74]. As the nanowires and the needles are free to grow in each 

direction, this means that the < 0001 > axis would have the highest growth kinetic. Indeed, this kinetic 
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direction extends at high growth rate or without other competing grains. At low growth rate and 

without the use of a flux, this kinetic growth direction competes with other orientations and the grain 

direction with lower surface energy extends to the lateral direction [75-77]. This could explain why we 

found a < 011�0 > preferential growth direction for our ingots. 

Concerning the equiaxed microstructure, it could be explained by the presence of Cr-B precipitates in 

the ingots (C) and (D) as they could have act as seeds for the nucleation and the growth of these 

equiaxed grains. One also notices in ingot (D) that the amount of precipitates decreases all along the 

ingot as well as the amount of grains. To have a better insight of the interaction between the grains, a 

texture analysis is given in Figure 9. The misorientation angle distribution, the pole figure and the 

population categories compared to the Mackenzie distribution are given for these two ingots.  

In the case of the ingot (C), a good agreement between correlated and uncorrelated populations is 

observed for angles higher than 10° showing that the microstructure for these grains is not due to 

physical interactions between them. Nevertheless, the growth is not completely random as a large 

difference between the experimental distributions (either correlated or uncorrelated) and the 

Mackenzie plot is observed for all misorientation angles. A maximum of experimental misorientation 

is found around 30° whereas it should be around 90° for random hexagonal materials. It has been 

reported in the literature that this effect can reveal a preferential orientation along the c-axis [78, 79]. 

This behavior is confirmed by the pole figure where the c-axis is preferentially observed perpendicular 

to the growth as observed in the entire ingot in Figure 7. Below 10°, the number of correlated grains is 

more important than the uncorrelated ones. This effect is characteristic of the presence of subgrains 

obtained by inheritance effect [80].  

In the case of the ingot (D), grown at higher growth rate, the experimental misorientation populations 

are similar with the Mackenzie distribution for angles higher than 20°. It means that the grains 

misoriented with more than 20° are randomly formed, as confirmed by the pole figure. Nevertheless, a 

minor population with preferential orientation is observed for misorientation angles below 20° 

whereas it is about 30° for ingot (C). To finish, the peak below 10° is also explained by a large 

subgrain formation. Therefore, a random and a textured grain population are encountered in the 

polycrystalline part of this ingot. The important random part can be due to the high growth rate applied 

during the growth of this ingot. Based on these results, an increase of the growth rate could favor an 

inclination of the growth direction and a random grain orientation of the equiaxed grains.  
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Figure 7: x direction Inverse Pole Figure (IPF) color maps and pole figure of the ingots (B), (C) 

and (D). The grain boundaries are indicated in black lines for misorientation above 10° and 

green lines for misorientation between 2° and 10° (subgrains). 

 

 

Figure 8: a) Texture analysis by EBSD and b) neutron Laue diffraction pattern of the ingot (B). 
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Figure 9: Misorientation angle distribution and pole figure for correlated and uncorrelated 

grains of the ingots (C) (left) and (D) (right) compared to the Mackenzie distribution (x and y 

axis of Figure 7).  

4. Conclusion

Single and polycrystalline chromium disilicide ingots were grown with the Vertical Gradient Freeze 

method in BN-coated silica and pBN crucibles with a conical shape about 30°. Although silica 

crucibles would be more convenient for scaling up the process, their use still needs further 

investigation. Indeed, a reaction between the SiO2 crucible and the carbon graphite from the furnace 

leads to the formation of SiC in the melt. We also show that the use of pBN crucibles enables to avoid 

such contamination. In order to reduce the costs of the manufacturing process, a pBN crucible was 

recycled and cleaned with HF. However, the HF cleaning shows that HF modifies the interaction 

between the melt and the crucible, probably because of chemical alteration of the crucible surface, and 

so modification of the wettability and the roughness. 

Nevertheless, this investigation shows that it is possible to grow CrSi2 single crystal with a low 

mosaicity (less than 2°) in new pBN crucible with a growth rate of 10 mm/h and a thermal gradient of 

0.6 K/mm. The preferential growth direction for the three ingots grown in pBN crucible is along <

011�0 > axis or with a slight shift to this direction. As observed experimentally, it was shown with the 

Jackson’s factor that the interface is rough. Also and as expected, when the amount of impurities 

increases, the amount of columnar and equiaxed grains increases. One also shows that a higher growth 

rate (22mm/h) leads to an inclination of the columnar grains and favor the random grain orientation. 

To notice, under this growth rate one observes a transition from an equiaxed microstructure to a single 

crystal. This could be explained by the decrease of the impurities along the ingot and would be 



14 

promising for large-scale application but deserves further investigations to optimize the 

microstructure. 
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Figure captions 

Figure 1: a) Silica glass crucible coated with BN b) pBN crucible c) schematic diagram of the VGF 

growth furnace (1- crucible; 2- graphite holder; 3- carbon heater; 4- bottom thermocouples; 5 – top 

thermocouple 6- carbon foam insulator; 7- water cooling). 
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Figure 2: a) Temperature distribution in the furnace as a function of the position of the top of the 40 

mm length crucible  Bottom thermocouple  Top thermocouple (marked respectively 4 and 5 on 

Figure 1-c). The position 0 is taken as the top of the conical carbon heater. b) Temperature program 

controlled by the bottom thermocouple. 

Figure 3: Optical image of ingot (A) to (D). 

Figure 4: Optical image of the ingot (A) elaborated in silica glass crucible (right) and backscattered 

SEM images near the surface of the ingot at different positions (left). The different areas analyzed by 

EDX are identified from 1 to 5. 

Figure 5. Powder X-Ray Diffraction of ingot (A) at the center and at the top of the ingot. Secondary 

phases are observed and indexed on the top pattern. The phase indexation is made from the ICDD PDF 

database (CrSi2: 04-016-2861, SiC: 04-008-2393, CrB: 01-089-3587, Cr5Si3: 04-001-7859) 

Figure 6: Optical and EBSD band contrast (cross-section) images of the ingots (B) and (C). The 

secondary phases identified by EBSD are colored. The grey parts are indexed to CrSi2. 

Figure 7: x direction Inverse Pole Figure (IPF) color maps and pole figure of the ingots (B), (C) and 

(D). The grain boundaries are indicated in black lines for misorientation above 10° and green lines for 

misorientation between 2° and 10° (subgrains). 

Figure 8: a) Texture analysis by EBSD and b) neutron Laue diffraction pattern of the ingot (B). 

Figure 9: Misorientation angle distribution and pole figure for correlated and uncorrelated grains of the 

ingots (C) (left) and (D) (right) compared to the Mackenzie distribution (x and y axis of Figure 7)  

Tables 

Table 1: Experimental growth conditions (cooling rate, thermal gradient and growth rate) of 4 ingots 

grown in 40 and 80 mm length, 7 mm inner diameter crucible in (A) Silica glass (SiO2) coated with 

BN, (B) and (D) pBN, (C) pBN treated with HF. 

Table 2: Chemical composition of Si, Cr, C and O near the surface of the ingot given by EDX from the 
five areas, noted 1 to 5 and identified in Figure 4. The Si/Cr ratio is also given in the homogeneous 
areas. 




