
JOURNAL OF MATERIALS SCIENCE 30 (1995) 3475-3482 

Thermochemical synthesis and characterization 
of nanostructured chromium silicide and silicon 
carbide composite materials 

P. LUO, P. R. STRUTT 
Connecticut Advanced Technology Center for Precision Manufacturing and Department of 
Metallurgy, University of Connecticut, Storrs, CT 06269, USA 

Nanostructured chromium silicide/silicon carbide in the form of composite powders have 
been synthesized from water-soluble precursors by a spray-dry and thermal conversion 
process. Two materials compositions were investigated to provide insight into the relation 
between the initial precursor composition and the composition of the synthesized 
nanostructured materials. The multiphase materials that were produced contain (i) cubic 
I3-SiC and hexagonal Crs-xSi3_ yCx+v(Cr~SiaCx). A systematic study of the chemical and 
structured nature of these materials during and after processing was carried out using 
thermogravimetric analysis, differential thermal analysis, inductively coupled plasma 
spectrometry, Fourier transform-infrared spectroscopy, and X-ray diffractometry analysis. 
The calculated average grain size is around 20-80 nm. Microstructure observation using 
scanning electron microscopy and transmission electronmicroscopy revealed a distribution 
of nanoparticles with dimensions in the range 10-100 nm. This is in agreement with the 
precalculation from an analysis of X-ray line broadening. 

1. Introduction 
Recent scientific discoveries show that materials can 
display particularly novel mechanical, electrical, 
magnetic and other properties when Particle or grain 
diameters are of nanometre dimensions. Specific 
examples include nanostructured or nanocomposite 
materials possessing high hardness combined with 
improved fracture toughness [1-3] and high degree of 
homogeneity by constructing nanophases to improve 
the local properties of materials [4]. These features 
clearly show the potential advantages of exploiting the 
properties of designed nanostructured composite ma- 
terials in advanced technology applications. 

In high-temperature mechanical property applica- 
tions where composite materials are required to have 
superior strength combined with enhanced fracture 
toughness, phase selection is normally restricted, be- 
cause limited ductility or inherently brittle phases may 
not be used. Nanostructured composite materials, 
however, provide a way for overcoming this limita- 
tion, and now it is possible, for example, to develop 
a composite where a nanoscale dispersion of silicon 
carbide particles strengthen an-intermetallic silicide 
matrix. In considering the constituent phases, it is 
noted that intermetallic silicides are currently used for 
electric furnace elements, structural components, pro- 
tective coatings and large-scale integration devices 
[5-7]. This is because of their metal-like resistivities, 
very good oxidation resistance, high strength, alad 
high-temperature stability. Silicon carbide is a prefer- 
red reinforcing phase [7, 8] in metal silicide/silicon 
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carbide composites because of its high elastic 
modulus, high thermal conductivity, small thermal 
expansion coefficient, high-temperature strength, and 
excellent thermal shock resistance. Furthermore, its 
semiconducting properties may possibly lead to inter- 
esting discoveries in the electric properties of metal 
silicide/silicon carbide nanostructured composites. 

In view of the basic scientific interest and technolo- 
gical relevance of nanostructured intermetallic silicide 
dispersion-strengthened composite materials, a study 
has been initiated for synthesizing and characterizing 
a selected system. This paper presents new results in 
synthesizing a chromium silicide matrix material, dis- 
persion strengthened by nanoscale silicon carbide 
particles. Based on newly developed synthesis tech- 
nologies at the University of Connecticut in the last 
few years [9-12], a solution chemical synthesis route 
is selected for synthesizing a chromium silicide and 
silicon carbide nanocomposite. The approach involves 
(i) the spray drying of water-soluble inorganic com- 
pounds to form an intermediate precursor, and 
(ii) thermo-chemical conversion of the intermediate 
precursor to form the final product material at an 
elevated temperature in a dynamic gas environment. 

2. Experimental procedure 
Chromium chloride (CrC13-6H20), sodium methyl- 
siliconate (Ch3Si(ONa)3) with 30 wt % water and dex- 
trose (D-glucose C6H1206) were dissolved in distilled 
water to produce an aqueous solution where the 
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molar ratio was 1:2:2 or 1:4:2. Spray drying of the 
precursor was performed in a spray drier. The solution 
was pumped from a feed tank into the spray nozzle. 
Atomization was achieved using compressed air. The 
resulting powder was cyclone separated from the flow- 
ing gas stream. The intermediate precursor powders 
were placed in an alumina crucible in a tube furnace. 
The system was cyclically evacuated to 10 .3 torr 
(1 torr = 133.322 Pa) and flushed with argon gas sev- 
eral times, and then back-filled with argon gas to near 
ambient pressure. During this process, the system was 
maintained under an argon flow rate of 100 m l m i n - t  
and an elevated 'temperature for 5 h. 

Various characterization technologies were applied 
to study the precursors, intermediate and final com- 
posites. Thermogravimetric analysis (TGA) and differ- 
ential thermal analysis (DTA) were performed using 
a simultaneous high-temperature TGA/DTA analyser 
under a argon flow for 5 h. This process is in the 
condition similar to the synthesis environment except 
the heating rate. Structural analysis of precursors, 
intermediate and final composites versus processing 
temperatures were performed using X-ray diffrac- 
tometry (XRD) and Fourier transform-infrared 
spectroscopy (FT-IR). Morphologies of the final com- 
posites were revealed by scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). 
The average particle sizes of constituent phases were 
calculated from X-ray spectra and revealed by 
TEM. Particle-size distribution of agglomerated 
particles and their particulates were conducted 
by image analysis. Chemical composition analysis 
was performed by inductively coupled plasma spectro- 
metry (ICP). 
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Figure 1 Thermogravimetric analysis (TGA) and differential ther- 
mal analysis (DTA) for (a) precursor 1 and (b) precursor 2. 

3. Charac ter i za t ion  and discussion 
3.1. T G A / D T A  analys is  
In the TGA/DTA measurement, two precursors, 
named precursor 1 (1:2:2) and precursor 2 (1:4:2), 
were examined. As shown in Fig. 1, both precursors 
(see TGA curves) first start to lose water at 80 ~ and 
undergo a decomposition in the 100-400 ~ temper- 
ature range with a total weight loss of 60% for precur- 
sor 1 and 20% for precursor 2. The weight losses for 
the two precursors in the temperature range from 
100-400 ~ are mainly due to water vaporization and 
dextrose (C6H1206) decomposition in the precursor. 
The second major weight losses for the two precursors 
take place in the 800-1020~ temperature range. 
They are due to the vaporization of NaC1. Precursor 
1 has a relatively higher percentage of the dextrose 
than precursor 2, therefore the first weight loss plateau 
for precursor 1 is much lower than for precursor 2. 
Precursor 2 contains a higher percentage (twice that in 
precursor 1) of sodium methylsiliconate, therefore the 
TGA curve of precursor 2 drops at a rate which is 
twice that of precursor 1. This result is shown in TGA 
curves by weight percentages dropping from 80% to 
40% for precursor 2 and from 40% to 20% for precur- 
sor 1. Finally, it reaches to a total loss of around 60% 
for precursor 2 and 80% for precursor 1. 
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DTA curves provide information of the various 
phase formations with the processing temperatures if 
the phase transformation releases or absorbs heat. 
A peak can be observed when the temperature differ- 
ence between the sample and the reference is changed. 
From the DTA analysis results, it has been determined 
that precursor 1 has phase formations at 440 ~ which 
is an exothermic reaction, and at 780 and ll00~ 
which are endothermic reactions. These reactions were 
investigated by X-ray analysis. They will be described 
in Section 3.4. The phase formations are identified as 
chromium oxide at 440 ~ chromium silicide and sili- 
con carbide at 780 ~ and simultaneous silicon oxide 
and sodium chloride vaporization at 1080 ~ Precur- 
sor 2 has the phase formations of chromium silicide and 
silicon carbide at 780 ~ and simultaneous silicon di- 
oxide and sodium chloride vaporization at 1080~ 
(same as precursor 1). In precursor 2, phase formation 
of chromium oxide at 440 ~ is not observed. Silicon 
carbide formation by conversion of silicon oxide and 
carbon graphite at 1250 ~ for both precursors is not 
observed either, but this reaction in both precursors is 
determined by the X-ray analysis (see Fig. 6, Section 
3.4). The explanation is not clear but it indicates at least 
that the heat flow of the formation of silicon carbide 
nanocrystallites from silicon dioxide and carbon graph- 
ite is too low to be detected here. 



3.2. ICP analysis 
Inductively coupled plasma elementary spectrometry 
(ICP) was used to analyse the samples which were 
made at different processing temperatures for 5h. 
Sample powders were dissolved in the HF, HCI and 
HNO3 concentrated solutions in a Teflon vessel and 
placed in a microwave for 10 min. Chromium, sodium 
and silicon compounds were dissolved completely into 
the solution under a high pressure. The undissolved 
powder was carbon graphite. The solution containing 
elemental chromium, sodium and silicon was injected 
into the ICP and the weight percentages of each ele- 
ment were determined. The carbon concentration was 
determined by weighing the undissolved powder re- 
maining. Fig. 2 shows the analytical results for el- 
emental sodium. Sodium concentration drops sharply 
from near 100 wt % to around 2 wt % in the temper- 
ature range between 600 and 1000 ~ This analytical 
result supports the TGA result well. In fact, the theor- 
etical melting point of sodium chloride is at 804 ~ 
Beyond this melting point, sodium chloride will 
vaporize under the continuous argon flow. 

Analytical results of elemental chromium, sil- 
icon and carbon in the temperature range from 
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Figure 2 Chemical analysis (ICP) of sodium concentration versus 
processing temperatures. 

900-1300~ are plotted in Fig. 3. The relation of 
concentrations versus temperatures can be calculated 
into a linear relationship using the linear regression 
method 

Cc - 0.05858 T + 106.9314 (1) 

Csi = 0.022 62 T - 2.358 46 (2) 

Cc, = 0.03746 T - 17.0963 (3) 

where Cc, Cs~, and Cc, represent the concentration of 
elemental carbon, silicon and chromium; T is the 
processing temperature (~ Summing Equations 1-3 
gives 

C~um = 0.0015 T + 87.4766 (4) 

where C .... represents the total concentration of these 
three elements. 

The slope of Equation 1 is almost equal to the 
addition of the slopes of Equations 2 and 3. This result 
indicates that the increase in chromium and silicon 
concentrations is mainly due to the decrease of carbon 
concentration. The slope of Equation 3 is slightly 
greater than Equation 2. This might be due to a small 
loss of elemental silicon in the formation of silicon 
monoxide gas [13]. The sum of the constants of the 
above three equations is equal to 87.5% instead of 
100%, because of the 2 wt % Na impurity as NAC1 (in 
total about 5 wt %) and the loss of silicon monoxide 
(SiO). 

3.3. FT-IR analysis 
FT-IR analysis provides information about the bond 
formation regardless of crystalline or amorphous 
phases. Precursor 1 was mixed with KBr, pressed into 
a thin disc and analysed in the transmission mode. 
Fig. 4 shows the results of FT-IR analysis. The 
spectra of sodium methylsiliconate and D - ( + ) -  
glucose (dextrose) [14] exhibit the complexity by 
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Figure 3 Chemical analysis (ICP) of ( + ) chromium, (A) silicon, 
sodium (~ )  and ([q) carbon weight percentages versus processing 
temperatures in the range 9'00-1300 ~ 

Figure 4 (a, b) Fourier transform-infrared spectroscopy analysis 
for the investigation of bond structures versus processing temper- 
atures. 
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revealing many peaks in the wave numbers range 
400-2000 cm- 1. After chromium chloride was added, 
the spectrum was changed. The starting materials 
were not as individual substances existing in the pre- 
cursor but reacted to form a new complex compound. 
The elemental chromium, silicon and carbon in the 
molecular range mixed very well so that the condition 
for forming the nanostructured final product was 
satisfied. The precursor spectrum indicated that the 
precursor conta]ned Si-O, C-O, and O-H bonds at 
wave number 1100, 1600 and 3500 cm-~, respectively. 
Stretching of elemental chromium to the Si-O bond, 
represented as the Cr-Si-O, bond was observed. An- 
other stretching of elemental silicon to the Cr-O 
bond, represented as the Si-O Cr bond, was also 
found. 

By increasing the processing temperatures, absorb- 
encies of the O-H and C-O groups were significantly 
reduced. Up to 600~ water and organic groups, 
which have low melting points, were vaporized and 
decomposed. Si-O-Cr and Cr-Si-O bonds decom- 
posed into Cr-O and Cr-Si bonds which were detec- 
ted at wave numbers 580, 630 and 1150 cm -~. On 
continually increasing the temperature to 900, 1100 
and 1300~ chromium silicides and silicon carbides 
such as Cr-Si and Si-C bonds were found to be the 
only strong peaks appearing in the spectra, which are 
at the wave numbers 1150 and 844 cm -~. A smaller 
amount of the Si-O bond (at wave number 
1100 cm- 1) could not be determined because of the 
very broad Cr-Si and Si-C peaks. At 900~ the 
relatively higher absorbence of Cr-Si to Si-C bond 
was obtained. At 1300 ~ the absorbence of the Si-C 
bond is very strong compared with the Cr-Si bond; 
therefore, it could not be found. Chromium silicide 
and silicon carbide powders purchased from JM and 
CERAC were used as standard materials to support 
above analytical results (Fig. 5). The shape of the 
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Figure 5 Fourier transform-infrared spectroscopy analysis for the 
standard chromium silicide and silicon carbide made by JM and 
CERAC. 

Cr-Si peak in the synthesized material is the same as 
in the standard material, but not the Si-C peak. This 
is broadened compared with the standard spectrum of 
SiC with a sharp peak. 

3.4. X - r a y  ana lys is  
X-ray diffraction analysis provides detailed informa- 
tion of the crystalline structural characteristics (cry- 
stalline phase formations). Fig. 6 shows the X-ray 
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Figure 6 (a, b) X-ray diffraction patterns for the samples which were performed at elevated temperatures for the investigation of chemical 
reactions and phase formations during the synthesis process. (R) SiC, ( + ) SiO2, (�9 Cr203, (*) NaC1, (~) CrSi2, ( . )  CrsSia, (A) C, (--) 
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spectra for the samples from precursor 1 which were 
processed at different temperatures. The precursor 
contains NaC1 crystalline phase with an amorphous 
phase, which is a complex of elemental chromium, 
silicon and carbon. By increasing the processing tem- 
perature to 400 ~ Cr203 crystalline phase started to 
form. C r 2 0  3 crystalline phase grew continually up to 
800 ~ and was converted into chromium silicide at 
900 ~ The chromium silicide formation can be ex- 
plained by chromium oxide and silicon oxide reacting 
with the existing carbon, which was decomposed from 
dextrose at 400 ~ [15], into chromium silicides and 
silion carbide I-1'5, 16]. These reactions are described 
as follows 
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The formation of chromium disilicide in the final 
product from precursor I (appearing as a small peak 
next to the major CrsSi3 peak in the X-ray sPectrum) 
was observed, but not from precursor 2. 

With continually increasing temperature, sodium 
chloride began to vaporize from 900 ~ and was com- 
plete at 1200~ There was only about 2 wt % Na 
remaining in the final product as an impurity, which 
has been already discussed (Section 3.2). 

Silicon dioxide cristobalite crystallized at 900~ 
and grew at 1100 ~ At 1250~ silicon dioxide was 
reduced to ]3-SIC by reaction with carbon. Fig. 7 
shows that the relative percentage of  silicon carbide 
increased and that of silicon dioxide decreased. The 
chemical reactions [13] may be described as 

SiO2 + C ---, SiO + CO (6) 

SiO + 2C --+ SiC + CO (7) 

The above reactions occur at 1250 ~ under an argon 
flow. the pressure of SiO (g) in the reaction was deter- 
mined directly by analysis of the sublimate condensed 
in the colder part of the furnace. The following mech- 
anism of SiO2 reduction is suggested [13] 

SiO2 ~ SiO c_, SiC (8) 

Compared with the commercial methodology to 
produce [3-SIC from silica reacted with coke at 1600 ~ 
[17], this synthesis route provides excellent economic 
aspects for producing pure nanostructured 13-SIC 
product by leaching out chromium compounds with 
HC1. Up to 1300 ~ partial chromium silicides were 
reacted with the excess carbon to form Cr3C2 and 
D-sic. 

The precursor concentration ratio of chromium, 
silicon and carbon plays an important role in the 
phase formations (this will be discussed in a sub- 
sequent paper using a ternary phase diagram). Precur- 
sor 1 at 1250 ~ is converted into [3-SIC, CrsSi3, and 
CrSi:, with certain amount of excess carbon. Pre- 
cursor 2 at 1250~ is converted to Crs-xSi3-rCx+r 
(CrsSi3Cx) and ]~-SiC (Fig. 8). The Crs-xSi3-rCx+r 
(CrsSi3Cx) phase was named T-phase in the work of 
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Figure 7 (a, b) Silicon carbide formation from the reduction of sil- 
icon dioxide by carbon graphite. (a) 1:2:2 precursor 1, (b) l :4 :2  
precursor 2. 
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Figure 8 X-ray characterization of the final product from 1:4:2 
precursor 2 at 1250~ for 5 h. (V) Crs-xSi3-yCx+y, (11) SiC. 

Pellegrini etal.  [18]. The stoichiometry range was 
found to be Cr5 _+o.2Si3_+o.lCx with 0.25 < X < 1.05. 
The wide compositional ranges of the T-phase were 
also observed by Parthe et al. [19] and J. van den 
Boomgaard [20]. 

3.5. Particle-size characterizat ion 
3.5. 1. Average particle size calculation from 

the X-ray peak broadening effect 
X-ray peak broadening is a result of the refinement, of 
the microcrystalline size and the internal strain. The 
full widths at half maximum of the Bragg peaks, AK, 
are plotted as a function of their K-values. The line 
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TABLE I Grain size calculation from X-ray patterns 

Precursor Temperature d (nm) 

(~ SiC CrsSi3 Crs xSi3-yCx+y 
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Figure 9 Histogram of the agglomerated particle-size distribution. 

broadening, which is due to the small crystal size and 
internal strain, is given by [21] 

AK = 0.9(2re/d) + A (e2)  1/2 (9) 

where d is the crystal size, A is a constant that depends 
on the strain distribution and is approximately equal 
to 1 for a random distribution of dislocations, and 
(e2) 1/2 is the root mean square (r.m.s.) strain which is 
neglected here for powder analysis. The microcrystal- 
line size calculated from Equation 9 is shown in 
Table I. There is no significant temperature effect on 
the crystalline sizes. They are in the range 20-100 nm. 

In order to analyse the particulates of the agglomer- 
ation, sample powders which were produced from 
precursor 2 at 1250~ for 5 h were analysed using 
high-resolution TEM. Fig. 10 shows the size distribu- 
tion of the particulate. The average (mean) value of the 
size is 50.47 nm, the maximum value is 92 nm. The 
minimum value is 13.6 nm. The particulate-size distri- 
bution is in the type of a Gaussian distribution. 

3.6.  E l e c t r o n  m i c r o s c o p y  e x a m i n a t i o n s  
SEM and TEM were used to examine the morphology 
of the particles. There are small particulates contained 
in the large particles which have a diameter of about  
2 gm (Fig. l la). The particles show transparent and 
hollow structures under the electron beam. To con- 
firm this characteristic, sample preparation for the 
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Figure 10 Histogram of the unagglomerated particulate-size distri- 
bution. 

3.5.2. Particle-size distribution on 
agglomerated particles and their 
particulates 

Image analysis was applied to investigate the particle- 
size distribution. A scanning electron micrograph of 
the agglomerated composite powder was taken and 
input into a image analyser. The diameters of these 
particles were measured on the screen and statistically 
calculated. Fig. 9 shows the size distribution of the 
agglomerated particles which /vere produced from 
precursor 2 at 1250 ~ for 5 h. The agglomerated par- 
ticles have the average (mean) size of 1.12 gm. The 
maximum size is 3,72 ~tm and the minimum size is 
0.0438 gm. Of the measured particles, 90% are in the 
size range below 2 ~tm. It is difficult to measure the 
minimum particle size because very tiny particles 
which are below 0.1 ~tm are not possible to count from 
the scanning electron micrograph. 

3480 

Figure 11 (a) High-resolution scanning electron microscopy (SEM) 
examination showing the agglomerated composite particle with 
the electron-transparent morphology. (b) Scanning electron micro- 
scopy (SEM) examination showing the agglomerated composite 
particle with the hollow structure. 



were also found to similar hollow structures (see [12], 
Fig. 1). 

The particulates were observed under the TEM. 
Fig. 12 shows the unagglomerated particulate with 
cubic and hexagonal structures. They are single 
nanocrystallites. 

Figure 11 (Continued) 

4. Conclusion 
A chemical synthesis route utilizing spray drying has 
been developed to prepare materials with composi- 
tional and structural uniformity on the nanoscale level 
and in bulk quantity. A new precursor has been de- 
veloped for the first time to synthesize nanostructured 
chromium silicide-silicon carbide composite. The syn- 
thesis process is analysed and discussed. The oxide 
formation is the intermediate step in the formation of 
silicides and carbides in this synthesis process. The 
synthesis reaction route can be summarized as follows 

Spray dry 
CH3Si(ONa)3 + CrC13 + C 6 H 1 2 0 6  

< 800~ 
Precursor powder , Cr203 + SiO2 + C 

1250 ~ 
, CrsSi3Cx + SiC + CO (10) 

(b) 

Figure 12 (a, b)Transmission electron microscopy (TEM) bright- 
field images showing the size and the shape of particulate. 

SEM study was specially done by compressing pow- 
der particles on a substrate to somehow break the 
shell of the particle. Fig. l lb  shows a broken par- 
ticle with the empty feature inside. The reason for 
the formation of the hollow particle might be due to 
the precursor preparation by initial spray drying. The 
spray-dried precursor particles were examined and 

Composites of chromium silicide in various modifi- 
cations with I3-SiC can be designed by changing the 
precursor Cr: Si: C ratio. Solution concentrations of 
chromium, silicon and carbon are 1 : 2: 2 and 1 : 4: 2; 
the corresponding final products are tetragonal 
CrsSi3, hexagonal CrSi2 and cubic I3-SiC, and hexa- 
gonal Crs-xSi3-rCx+r (Cr5Si3Cx) and cubic 13-SIC. 
The theoretical grain size of the constituent phases are 
calculated from the X-ray line broadening and are 
between 20 and 80 nm. The composite powder finally 
synthesized is agglomerated into the spherical hollow 
shape. Agglomerated particulates are found by TEM 
to show cubic and hexagonal shapes. TEM examina- 
tion and particulate-size distribution reveal that the 
particulates are in the same size range of 10 100 nm, 
with a mean value 50.47 nm, which agrees with the 
calculated values from the X-ray line broadening. 
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