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Abstract - Biomorphic SiC/Si compounds were fabricated 
from copaiba wood (Copaifera officinalis, natural wood 
native to Peru), by reactive infiltration of molten silicon in a 
porous carbon preform obtained by a controlled pyrolysis 
process of wood. Structural and microstructural 
characterization tests by X-ray diffraction and scanning 
electron microscopy, respectively, revealed, on the one hand, 
the presence of crystalline phases of SiC, Si and C, and on the 
other, the typical morphology of this type of material, which 
it consists of a continuous SiC scaffold with elongated 
channels in the direction of tree growth and the presence of 
residual Si and C located mainly in the porosities of the 
material. The mechanical behavior in uniaxial compression 
was also studied at a constant compression rate of 0.05 
mm/min and as a function of temperature (from ambient to 
1400 ºC) and test atmosphere (ambient air, humid air, dry 
air, Ar, N2 and reducing mixture (95% Ar + 5% H2). The 
mechanical results were evaluated based on values of 
maximum stress and modulus of elasticity (stiffness), finding 
a clear reduction in the values of maximum stress and 
stiffness of the material when the samples passed of ambient 
test temperatures at 1400 ºC. On the other hand, mechanical 
tests in a controlled atmosphere were carried out at a 
constant temperature of 1100 ºC and the results showed that 
the mechanical behavior of the studied compounds is slightly 
influenced by the working atmosphere. Mechanical data 
found in the various test conditions will be an important 
support for the definition of the maximum allowable stress 
(considering the safety factor applied for a particular case) in 
the industrial application of the materials studied in this 
work. 
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1. Introduction 

The development of new engineering materials, 
mainly those that work in high temperature conditions, 
are currently in great demand. In this sense, the modern 
industry has seen in carbides an enormous potential to 
meet its highly demanding requirements regarding 
mechanical properties [1]. On the other hand, wood is a 
renewable resource with a unique cellular 
microstructure and whose architecture has been 
ranked by nature through the years. Wood has now 
become a very important precursor material for the 
development of new bio-inspired (biomorphic) 
materials, which take advantage of the good 
combination of mechanical resistance, toughness, 
rigidity and low density that most of the available 
timber species present. [2-9]. 

Most research work on carbides is currently 
focused on the fabrication and mechanical and 
functional characterization of biomorphic SiC and SiC/Si 
obtained from cellulosic precursors [3][12]. Today 
there are several methods for obtaining biomorphic 
carbides, but the most studied method is that of reactive 
infiltration of metallic silicon in a porous carbon 
preform, which stands out among other methods for 
proposing a feasible, scalable, environmentally friendly 
methodology and energy saving [3]. The process of 
obtaining carbides from wood involves a first stage of 
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pyrolysis the wood to obtain a carbon preform that is 
then infiltrated with metallic elements such as Si, Ti, Ta, 
etc. The carbon preforms are obtained by a controlled 
thermal pyrolization process of the wood at 
temperatures above 800 ºC in an inert atmosphere (Ar, 
N2) [10][11], later the carbon preform is infiltrated with 
metallic elements considering a excess of these up to 
over 30% of the stoichiometric quantity necessary for 
the mass of carbon to infiltrate [12-16] 

Biomorphic SiC and SiC/Si applications are wide 
and depend on their mechanical properties and pore 
structure, the most outstanding applications include: 
high temperature filters for gas or liquid, catalyst 
support, energy storage materials, barriers thermal, 
anti-wear surfaces, etc. [17-21] 

The mechanical properties of SiC/Si compounds 
have been studied extensively [22-24], but mostly 
under ambient temperature and atmospheric 
conditions, however, only few studies have been 
directed at considering the atmosphere of work as a 
factor of great importance for the design of structures 
fabricated with SiC/Si. Therefore, the present study 
tries to show the effect of the change of working 
atmospheres in the maximum mechanical resistance 
and stiffness of SiC/Si composites. 

 

2. Materials and Methods 
SiC/Si composite materials were fabricated by 

reactive infiltration of metallic silicon in porous carbon 
preforms. Several authors have previously reported the 
detailed fabrication methodology for these materials 
[13]. In this work copaiba wood was selected as the 
main raw material, this wood species is classified as 
high density basic wood and is native to the Peruvian 
jungle. Cubes of approximately 10 mm on each side 
were cut from the selected wood and then dried at 80 
ºC, then they were conducted to a pyrolysis process in 
an inert atmosphere up to the maximum temperature of 
900 ºC with an isotherm time of 30 min. (Fig. 1 (a)). 

The carbon preforms obtained after the pyrolysis 
were subjected to a reactive infiltration process under 
vacuum and at a maximum temperature of 1550 ºC for 
30 minutes with an excess of silicon of 50% with 
respect to the stoichiometric amount for the amount of 
carbon to be infiltrated (Fig . 1 (b)). 

 

 
Fig. 1: Thermal profiles for the processes of (a) pyrolysis and 

(b) reactive infiltration. 

 
The structural characterization of the carbon 

preforms and of the SiC/Si compounds was carried out 
in an X-ray diffraction machine (Bruker, model D8 
Endeavor, Germany) that has a Cu tube and Kα 
radiation (wavelength of 0.15405 nm). All tests were 
performed in the 2θ scanning range of 10º to 75º, with 
a step width of 0.02º and tube conditions of 35 kV and 
40 mA. 

Microstructural characterization was performed 
on polished carbon and SiC/Si surfaces using an AM 
SCOPE light microscope (50X - 500X ME320B-PZ, USA). 
Microstructural observations were made in reflection 
mode and on previously polished surfaces with grade 6, 
3 and 1 micron diamond paste (in that order). 

The mechanical characterization was carried out 
in a universal testing machine (MICROTEST, model 
EM1/50/FR, Spain) that has three interchangeable 
chambers that cover the range of test temperatures 
between -30 and 1500 ºC and has a hermetic system of 
control of atmospheres with which it is possible to 
carry out tests in environmental and non-ambient 
(inert, oxidizing or reducing) conditions. The 
mechanical tests were carried out in uniaxial 
compression at a constant compression rate of 0.05 
mm/min and at variable temperatures between 
ambient and 1400 ºC. In addition, with the aim of 
evaluating the effect of non-environmental conditions 
on the mechanical response of the studied materials, 
tests were carried out at a constant temperature of 

(a) 

(b) 
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1100 ºC and in atmospheres of humid air, dry air, Ar, N2 
and reducing mixture (95% Ar + 5% H2). 

The samples used in the mechanical tests 
consisted of 5x5x10 mm parallelepipeds cut from larger 
samples with the help of a low speed precision cutter 
that has diamond edge discs. The force and 
displacement data obtained in the mechanical tests 
were converted to stress vs. strain graphs. The stress-
strain curves allowed us to analyze and compare the 
values of maximum stress and moduli of elasticity of the 
materials studied under the various test conditions. 
 
3. Results and Discussion 
3.1. Structural and Microstructural Characterization 

Fig. 2 shows the X-ray diffraction spectra for 
samples of carbon (Fig. 2 (a)) and of SiC/Si compounds 
(Fig. 2 (b)). The diffraction peaks identified in the 
carbon sample reveal the presence of graphite, 
however, considering the shape of the baseline of the 
diffraction spectrum, the carbon obtained could be 
considered as a mainly amorphous material. On the 
other hand, the diffraction spectrum of the SiC/Si 
compound confirms the presence of up to three 
crystalline phases: SiC, carbon (graphite) and Si. The 
shape of the baseline indicates that the SiC/Si 
compound after the infiltration process is completely 
crystalline and contains Si and C (graphite) residual. 

 
Fig. 2: Crystalline phases in (a) carbon preform and (b) 

SiC/Si.  

 

Fig. 3 presents the morphology found on the 
surfaces of carbon (Fig. 3 (a)) and SiC/Si compound 
(Fig. 3 (b)). Both microstructures are of the cross 
section (with respect to the growth direction of the 
tree) and are clearly defined. The carbon sample has a 
single phase of C, with the presence of some rough or 
less rounded regions in darker contrast that would 
correspond to pores distributed throughout the area of 
the micrograph, and are also elongated in the growth 
direction of the tree. On the other hand, on the polished 

surface of SiC/Si it was possible to observe up to four 
distinct phases: SiC (dark gray), Si (light gray), porosity 
(rounded black regions) and unreacted carbon (black 
regions no definite shape). The phases found 
microstructurally are in good agreement with the X-ray 
diffraction results presented in Fig. 2 of this work. 

 

 
Fig. 3: Micrographs of cross sections of (a) carbon preform 

and (b) SiC/Si compound. 
 

 
3.2. Mechanical Characterization 

Fig. 4 presents stress vs. strain curves where a 
clear ratio of increase of the average maximum 
resistance is appreciated when increasing the amount 
of silicon in excess of 20 to 50% with respect to the 
stoichiometric molar ratio of the SiC molecule (Fig. 4 (a-
c)). On the other hand, a systematic reduction of the 
average maximum resistance can be seen when the test 
temperature increases from room temperature to 1400 
°C in the compound with 50% excess silicon (Fig. 4 (c-
f)). 

(a) 

(b) 
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Fig. 4: Stress vs. strain curves for compounds with 20% 

(a), 30% (b) and 50% (c) of silicon in excess mechanically 
tested at room temperature (a-c), 500 ºC (d), 1100 ºC (e) and 

1400 ºC (f). 

 

Fig. 5: Stress vs. strain curves for compounds with 50% 
silicon in excess mechanically tested at a temperature of 

1100 ºC and in atmospheres of dry air (a), humid air (b), Ar 
(c), N2 (d) and a mixture of H2 (5%) + Ar (95%) (e). 

 

(a) (b) 

(c) 
(d) 

(e) (f) 

(a) (b) 

(c) (d) 

(e) 
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Fig. 5 shows stress vs. strain curves for SiC/Si 
compounds with 50% silicon in excess with respect to 
the stoichiometric composition of the SiC molecule. The 
tests were carried out in various types of atmospheres 
to verify the mechanical behavior (maximum resistance 
to compression and modulus of elasticity) of the 
materials studied under conditions in which they could 
work as part of industrial mechanical components. A 
greater sensitivity of the average maximum resistance 
in test atmospheres of N2 and H2 (5%) + Ar (95%) could 
be appreciated. 

 

Table 1 presents a summary of the data obtained 
for the mechanical resistance and moduli of elasticity 
maximum of SiC/Si compounds evaluated in uniaxial 
compression and under variable conditions of 
temperature and atmosphere. It has been possible to 
verify a systematic reduction of the values of maximum 
stress and moduli of elasticity when the test 
temperature increases from room temperature to 1400 
ºC. This result could be attributed to the presence of 
residual metallic silicon in the porosities of the SiC 
ceramic matrix. The metallic Si present in the SiC/Si 
compound tends to soften with increasing test 
temperature, this effect being more evident at 
temperatures close to the melting point of Si. The effect 
of this softening translates into a systematic reduction 
in the overall stiffness of the SiC/Si compound. 

On the other hand, it has been possible to verify a 
slight relationship between the mechanical behavior of 
the SiC/Si compound and the test atmosphere, which 
suggests that the change of working atmosphere should 
be considered in the engineering design of components 
or products that Include the material studied in this 
work. 

 

Table 1: Mechanical data found for SiC/Si tested under 
variable conditions of temperature and atmosphere. 

atmosphere 
temperature 

(ºC) 
σmáx. (MPa) E (GPa) 

Air RT 2064 148 
Air 500 1515 137 
Air 1000 764 107 
Air 1400 359 57 

Dry air 1100 694 101 
Humid air 1100 687 96 

N2 1100 671 84 
Ar 1100 872 105 

H2 (5%) + Ar 
(95%) 

1100 550 114 

RT: room temperature 

Fig. 6. shows the upper and lower limits found for 
the data set of maximum stresses and moduli of 
elasticity of SiC/Si compounds under conditions of 
variable temperature and test atmosphere. Fig. 6 (a) 
and 6 (b) show the influence of the test temperature on 
the average maximum stress and modulus of elasticity, 
respectively. A lower dispersion of values can be seen 
when the test is carried out at 1400 ºC, this observation 
could suggest that at temperatures of 1400 ºC the Si 
present in the compound contributes minimally to the 
overall mechanical response of the compound (being 
close to its melting point), which can be seen more 
clearly in Fig. 6 (a) In this scenario, only the mechanical 
response mechanisms of the SiC ceramic matrix take on 
importance for data analysis. 

 
Fig. 6: Comparison of data of maximum stress and moduli of 
elasticity as a function of temperature and atmosphere for 

SiC/Si compounds. 
 

(a) 

(b) 

(c) 

(d) 
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Another important aspect that deserves to be 
analyzed correctly can be seen in the tests at room 
temperature (RT) of Figs. 6 (a) and 6 (b), where the 
values found for the maximum stress are widely 
dispersed between 1427 and 2064 MPa, while the 
values for the modulus of elasticity only have a slight 
dispersion between 142 and 148 MPa. In this regard, it 
could be suggested that the dispersion of the maximum 
stress values is due to the fact that the appearance and 
propagation of cracks in the ceramic matrix 
(responsible for the maximum stress of the material) is 
variable and occurs at stresses above the proportional 
limit. . For its part, the modulus of elasticity has little 
dispersion at room temperature because this property 
is measured only in the elastic range before the limit of 
proportionality (before cracks appear). 

Figs. 6 (c) and 6 (d) show the upper and lower 
limits for all the data found for maximum stress and 
moduli of elasticity of SiC/Si compounds tested in 
variable atmospheres. In this regard, previously we 
must mention that this group of tests were carried out 
at a constant temperature of 1100 ºC, since it was 
previously possible to confirm that at that temperature 
the material exhibited a completely fragile behavior and 
in this way only the test atmosphere could influence the 
mechanical behavior of the studied materials. The 
results found showed that the SiC/Si compounds were 
very mechanically stable in humid air and dry air 
atmospheres, with respect to their maximum stress, but 
under nitrogen and reducing atmospheric (95% Ar + 
5% H2) conditions, their maximum stress was slightly 
reduced. The results of maximum stress in an inert 
atmosphere of Ar were on average the highest, this 
result could suggest that when the SiC/Si compound is 
in an inert environment it does not undergo any 
chemical change leading to the mechanical instability of 
the material. In the other test atmospheres it is possible 
that chemical changes occur that produce an effect on 
the final mechanical response of the materials, hence 
the importance of evaluating the dispersion of data to 
be able to suggest permissible design effort from the 
application that can be used give the studied material. 

The comparative graph of the modulus of 
elasticity (E) as a function of the test atmosphere shown 
in Fig. 6 (d)) reveals that there is no clear or direct 
relationship between the test atmosphere and the 
stiffness of the materials studied in this work. 
Therefore, it could be suggested that the stiffness of the 
material is stable in various working environments. 

 

4. Conclusions 
SiC/Si compounds have been successfully 

fabricated from copaiba wood, following procedures 
established in the literature for wood pyrolysis in an 
inert atmosphere followed by reactive infiltration of 
metallic silicon in carbon preforms. 

X-ray diffraction studies confirmed the presence 
of a mostly amorphous phase in samples of pyrolyzed 
wood (carbon preform) with low energy graphite 
peaks. On the other hand, it was found that the SiC/Si 
compounds obtained after the reactive infiltration 
process were completely crystalline with the presence 
of diffraction peaks of SiC, Si and C (graphite). 

The microstructural studies were in good 
agreement with the data found in the DRX studies, 
showing a single homogeneous phase of carbon in the 
samples of pyrolyzed wood (with morphology similar to 
that of the cellulosic precursor) and four phases in the 
SiC/Si compounds. : SiC (dark gray), Si (light gray), 
residual carbon (black without defined shape) and 
pores (black with rounded shape). 

Uniaxial compression studies showed a clear 
influence of the maximum stress and modulus of 
elasticity with the test temperature. It was found that as 
the test temperature increased, the studied materials 
became less rigid and presented less maximum stress. It 
is suggested that these results are due to the 
progressive softening of the remaining Si as the test 
temperature near the silicon melting point increases. 

The mechanical data found in the controlled 
atmosphere tests showed that the studied materials are 
sensitive (respect to their maximum stress) to the 
change in working atmosphere, mainly in nitrogen and 
reducing mixture atmospheres (95% Ar + 5% H2). 
However, changes in atmosphere do not have a 
definitive effect on the stiffness of the materials studied. 
Both, the maximum stress and stiffness of the materials 
studied under conditions of variable temperatures and 
atmospheres must be considered to define the 
allowable stress of these materials in their probable 
industrial application. 
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