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Abstract

Porous chromium carbide (Cr3;C,) ceramics exhibiting a uniform and accessible porous structure comprised of three-dimensional connected
struts were synthesized using a reactive sintering method. The effect of sintering temperature on the resulting microstructure of the porous Cr;C,
was studied. Young's modulus of the porous carbides was measured by dynamic mechanical analysis (DMA), and a semi-empirical model
E=Ey(1-P/ Pc)l/ 7 was developed (based on the generalized mixture rule (GMR)), to describe the porosity dependence of Young's modulus for
this type of carbide. The constants P.=0.8 and J=0.355 were determined by fitting the model to the measured values. The relationship between
the micro-hardness of the material and the microstructure of the pores was also investigated.

Crown Copyright © 2013 Published by Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Macroporous ceramics (pore width > 50 nm) with a wide
range of porosities have been extensively applied in environ-
ments involving corrosive media, extensive wear and high
temperature [1]. Applications for these materials include
catalyst carriers, gas separators, bioreactors, filters for hot
corrosive gas and particulates in exhaust gas, thermal insula-
tors and heat exchangers [2]. These applications take advan-
tage of the attractive properties exhibited by porous materials
at high-temperatures, including chemical stability, high perme-
ability, low thermal conductivity, low weight and variable
porosity. The main processes used to prepare macroporous
ceramics include replica, sacrificial template and direct foam-
ing techniques. In our study, macroporous chromium carbide
(Cr;C,) with three-dimensional connected struts was synthe-
sized using a reactive sintering method.

Cr3C, is frequently used as the reinforcing phase in coating
materials, owning to its high hardness (27 GPa [3]), and its
excellent resistance to oxidation, erosion and wear. The
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synthesis of Cr;C, can be generally classified as either direct
or indirect. In direct synthesis, metal chromium is directly
reacted with a carbon source at high temperature to yield
Cr;C, [4-6]. For example, Sharafi et al. have prepared
nanocrystalline Cr;C, powders using high energy milling to
form a mixture of metal chromium and carbon powder, which
was then compacted and sintered at 1100 °C [7]. Cr3C, can be
also synthesized as an interfacial coating by immersing carbon
fibers into a Cu—Cr melt maintained at 1150 °C [8]. In indirect
synthesis, Cr;C, is formed by the reduction of chromium
compounds. Chromium oxide (Cr,O3) is typically used as a
chromium source, and is reduced by carbon in a carbothermi-
cal reduction process performed above 1200 °C [9,10]. It has
also been shown that (NH4),Cr,O; can be also used as the
chromium source; this material can be reduced with carbon at
1100 °C to form Cr;C,. Other sources of chromium have also
been explored: in 1996 it was reported that MgCr,0, could be
carburized by carbon powder at 1450 °C to prepare bulk Cr;C,
[11]. CrCl; has been used to deposit whisker layers of Cr3C, in
a mixture gas containing C4H;q at 900 °C [12]. To our
knowledge, Cr3C, synthesized through the reduction of
Cr,03 by methane has seldom been studied [13,14].

In this paper, porous Cr3C, ceramics exhibiting a uniform and
accessible porous structure with three-dimensional connected
struts were synthesized by reducing Cr,O; in methane. The
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relationship between the temperature of the sintering reaction
and the resulting microstructure of the porous Cr;C, was
studied. The elastic modulus of porous Cr;C, was measured
using dynamic mechanical analysis (DMA) [15,16]. The
porosity dependence of Young's modulus of Cr;C, was
analyzed, and a new theoretical model based on the generalized
mixture rule (GMR) was proposed to describe the elastic
properties of the porous Cr3C,.

2. Experimental
2.1. Preparation of porous Cr;C,

Two reactive sintering processes were used to prepare the
open-pore Cr3C,. In the first process, which is an indirect
process, commercial chromium oxide (Cr,O;) powder
(Alfa Aesar, USA, —325 mesh, purity of 98+%) and 10 wt%
polyethylene glycol (PEG-400, Alfa Aesar) were mixed by ball
milling in ethanol for 24 h. The mixed powders were then
dried and uniaxially compressed in a cylindrical mold under a
pressure of 80 MPa to form disc-shaped samples with dia-
meters of 38 mm. The disc-shaped samples were pre-sintered
at 150 °C for 1 h and then heated to 1000 °C for 2 h in a tube
furnace (GSL 1200X, MTI Corporation). PEG was used as a
porogen, and was burned off during the sintering process. The
samples were subsequently sintered in the tube furnace at
either 1000 °C, 1100 °C, 1200 °C or 1300 °C for 20 h. During
the sintering process a carbonaceous gas mixture (10% CHy,
40% Argon and 50% H, Praxair Canada) was flowed through
the tube furnace at a rate of 60 ml/min, forming Cr;C,. A
second process was also utilized to prepare samples with lower
porosities. In the second process, commercial chromium
carbide (Cr3C,, Alfa Aesar, USA, —325mesh, purity of
99.5%) was used as the starting material. This material was

mixed with 10 wt% PEG, and the resulting powders were
pressed to form disc-shape samples under the same pressure of
80 MPa. These samples were sintered in a tube furnace (GSL
1600X, MTI Corporation) at 1100 °C for 20h, while a
carbonaceous gas mixture (10% CH,, 40% Argon and 50%
H,, Praxair Canada) was flowed over the sample at 10 ml/min.

2.2. Sample characterization

The morphologies of the samples were examined by field
emission scanning electron microscopy (FE-SEM, Zeiss,
EVO-MAL1S5). Both surface and cross-sectional images were
obtained. To obtain cross-sectional images, samples were
cleaved by breaking the as-synthesized Cr;C, samples into
two pieces by holding the samples with two sets of tweezers
and applying a flexural force. The porous properties of as-
carbonized samples were characterized using a mercury intru-
sion porosimeter (AutoPore IV 9510). To obtain Young's
modulus of the materials, rectangular samples with dimensions
of 35 mm x 8 mm x 1 mm were cut from the disks, and their
surfaces were polished with a #400 grinding paper. Samples
were then tested by dynamic mechanical analysis (DMA 8000,
Perkin-Elmer) at 1 Hz and room temperature to a displacement
of 0.01 mm using the three point-bending mode. The hardness
of the porous ceramics was measured using a micro-
indentation hardness tester (Buehler, USA, IndentaMet 1100
Series), with a load of 100 g.

3. Results and discussion
3.1. Microstructure

Figs. 1 and 2 show the surfaces and cross-sectional
morphologies of as-synthesized Cr;C, samples respectively,

Fig. 1. Surface morphologies of porous Cr;C, samples carbonized from Cr,O5 for 20 h at (a) 1000 °C; (b) 1100 °C; (c) 1200 °C; and (d) 1300 °C.
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Fig. 2. Cross-section morphologies of porous Cr;C, samples carbonized from Cr,05 at different temperatures for 20 h: (a) 1000 °C; (b) 1100 °C; (c) 1200 °C; and

(d) 1300 °C.

prepared using the first process (in which Cr is supplied by
Cr,03 powder), for samples sintered at 1000 °C, 1100 °C,
1200 °C and 1300 °C. A dense network of open pores covers
the surface of the samples, as shown in Fig. 1, and a
continuous structure of pores is distributed throughout the
interior, as shown in Fig. 2. The average sizes of both the pores
and strut increase with the increasing sintering temperature.
The continuous structure of pores forms gradually during the
sintering process as Cr,Oj3 is gradually transformed to Cr3C,.
Due to the high diffusivity of chromium and oxygen atoms at the
high temperatures utilized during sintering [17], small particles
combine together to form larger particles, and ultimately struts.
As diffusion is a temperature dependent process, larger structures
form at higher temperatures, leaving higher voids or pores.

The surface and cross-sectional morphologies of the samples
prepared from Cr;C, and PEG at 1100 °C using the second
process (which uses Cr3C, as the starting material) are shown in
Fig. 3. These samples have similar microstructure with those
prepared by the first process (from Cr,0O3) at 1100 °C, but different
densities. The lower density attained can mainly be attributed to the
lower density of the initial mixture of Cr;C, and PEG.

The mechanism by which chromium carbide is formed
through the carbothermal reduction of chromium oxide in the
gas mixture utilized here (10% CH4+40% Ar+H, (balance))
has been studied in detail previously by our group [18-20].
This environment has a very high carbon activity. It was
experimentally confirmed that the chromium oxide phase is
first converted to Cr;C; and then to CrzC,, which is the most
stable form of chromium carbides. The final reaction can be
expressed as

13 2 26
Cr,05(s) + ?CH4(S)—> gCr3C2(s) +3CO(g) + ?HZ(g) (1)

A porous carbide with a continuous network of pores is
produced during this process, and is believed to result from a

combination of the following two processes: (1) the coales-
cence of the original pores in the as-pressed chromium oxide
samples during the sintering process; and (2) the volume
reduction due to the phase transformation from Cr,O3 to
Cr3C,. The formation of the pores further allows the carbonac-
eous reducing gas to access the interior chromium oxide
particles in the sample, producing a uniform network of pores
throughout.

3.2. Physical characterization

The porosity of porous carbide ceramics was determined
from the following equation:

p=1-"P0 @)

1%

where pg is the bulk density of the equivalent solid matrix
material (without pores), which is 6.68 g em™ for Cr;C, [3],
and m and V are the mass and the volume of the bulk porous
material, respectively. Fig. 4 shows the calculated results of the
porosity of porous chromium carbides carbonized from Cr,O5/
PEG mixtures at different temperatures. Each data point was
obtained from six different samples sintered at the same
temperature. Average values and standard deviations are
shown. It can be seen that average porosities of 58%, 64%,
60% and 57% were achieved at sintering temperatures of
1000 °C, 1100 °C, 1200 °C and 1300 °C, respectively. The
porosity of the porous carbide decreased slightly when the
carbonization temperature was increased above 1100 °C.
Therefore, it seems that the carbonization temperature has
only a weak influence on the porosity of porous carbide
obtained. The initial porosity of the as-pressed Cr,O3 samples
was measured to be between 45% and 50% (determined by
Eq. (2) using pp=5.22 ¢ em ™ for CryO; [21] and m=90 wt%
total mass, since 10% of the initial mass was PEG), so it can be
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Fig. 3. SEM images of porous Cr3C, samples prepared from Cr;C, and PEG by the second process (using Cr3C, as the starting material) seen from (a) the surface;

and (b) in cross-section.
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Fig. 4. Total porosity of porous Cr3C, for various carbonization temperatures.

Average values and standard deviations from six samples per data point
are shown.

calculated that the volume reduction due to the phase
transformation from Cr,O3 to Cr;C, in the reaction sintering
process is about 10-15% (relatively independent of the
carbonization temperature). We expect that the slight decrease
in volume fraction of the material that occurs at sintering
temperatures above 1100 °C occurs due to an increase in the
density of the grains in Cr;C,.

The distribution of the pore diameters of the porous Cr;C,
samples is shown in Fig. 5, as measured by mercury intrusion
porosimetry, which is an effective method for characterizing the
properties of porous materials [22]. It can be seen that for
the porous samples synthesized from Cr,Os;/PEG mixtures, the
average pore size increases from 0.8 ym to 3.5 um as the
carbonization temperature increases from 1000 °C to 1300 °C.
Similarly, the distribution of the pore diameters increases
strongly as the sintering temperature increases. Table 1 sum-
marizes the physical characteristics of the porous Cr;C, formed
by carbonization at different temperatures via mercury intrusion
porosimetry. The data is consistent with the quantitative
observations made from the SEM images, which showed that
both larger pores and larger struts evolved at higher tempera-
tures. This corresponds to a decrease in specific surface area.
The process is strongly affected by the sintering temperature and
holding time. At higher temperatures, diffusion is enhanced, and
larger pores and struts result. The small differences between the
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Fig. 5. The distribution of pore diameter of the porous Cr;C, samples
carbonized from different temperatures.

porosities calculated from the sample mass, volume and density
and the values obtained using mercury intrusion porosimetry
can be attributed to the fact that mercury intrusion porosimetry
does not effectively measure the volume of trapped pores, which
are found in our samples.

3.3. Porosity dependence of Young' modulus

Young's modulus is a key mechanical property of isotropic
brittle materials such as ceramics [23]. It is correlated with
most mechanical properties including hardness, tensile
strength, bending strength, fracture toughness, and so on.
Young's modulus of the open-pore Cr;C, was measured by
dynamic mechanical analysis in the three-point bending mode,
and the relationship between Young's modulus and porosity
was fitted using the OriginPro 8.5 software, as shown in Fig. 6.

The dependence of the mechanical properties of ceramics on
type, size, distribution and volume fraction of pores has been
extensively studied over the past 30 years [25-36]. Many
efforts have been made to model the dependence of mechan-
ical properties on the porosity of engineering ceramics. Based
on experimental results, a number of models have been
proposed to represent the relationship between mechanical
properties and porosity. The most frequently employed
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equations describing the mechanical behavior of porous
ceramics are listed in Table 2.

Egs. (3)—(6) are semi-empirical models derived from fitting
experimental results of specific type of porous ceramics.
Hence, these equations have some limitations. They typically
only describe a limited range of porosities, and cannot be applied
to all polycrystalline brittle solids, because the effects of pore
type, size and distribution are not considered in these equations.
To resolve the problem, Eq. (8) was derived by Phani and Niyogi
to predict Young's modulus of polycrystalline ceramics over a
wide range of porosities. This equation was built on the

Table 1
The properties of porous carbide pre-forms carbonized at different tempera-
tures for 20 h.

Carbonization temperature (°C) 1000 1100 1200 1300
Average pore diameter (pm) 0.8 1.3 2.5 3.5
Total surface area (m> g_l) 0.798 0.677 0.357 0.127
Nominal density (g cm™) 2.94 2.38 2.31 2.33
Porosity (%) 56.9 60.1 55.1 472
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Fig. 6. Curve fitting the porosity dependence of Young's modulus in the
continuous open pore Cr;C,.

Table 2

assumption that the pore distribution, size and shape are random.
The constant @ in Eq. (8) is defined as a “packing geometry
factor” which is related to the critical porosity P.= 1/a, at which
the elastic modulus of porous ceramics becomes zero. Another
constant f depends on the pore geometry and the strut morphol-
ogy. When the critical porosity P.= 1/a is equal to 1, Eq. (8) can
be simplified to Eq. (7).

S. Ji et al. [35,36] proposed a unified model (Eq. (9)) named
the Generalized Mixture Rule (GMR) to describe the porosity
dependence of mechanical properties of multi-phases solid
materials. In this equation, a fractal parameter J represents the
effect of the shape, size, and distribution of each phase on the
mechanical properties of the composite. Eq. (10) is a simplified
expression of GMR for porous brittle solids, which are
considered a special class of two-phase composites in which
null strength pores are dispersed within a solid framework. Eq.
(10) can be expressed in the form of a power series, as shown
in the following equation:

M. 1 A/INA/D=1)
EZ__L+( JP>+- 3 P
+—(1/J)((I/J)6—1)((1/J)—2)P3+... (11)

where the subscripts ¢ and s refer to the composite and the
strengthened phases, respectively. Eq. (11) can also be con-
verted to Egs. (3)—(5), when the porosity is low (P«1) in some
specific situations. In a porous ceramic, the pores themselves
are considered to be a phase whose mechanical properties are
equal to zero. The GMR model has been found to be valid to
simulate the mechanical properties of a wide range of
composites and porous ceramics [36]. However, it is not
suitable to calculate the mechanical properties of porous
materials with a high volume fraction of pores, in which case
the engineering mechanical strength of the porous material
tend toward zero. Therefore, a modified GMR Eq. (12) was
proposed based on the experimental data obtained from our
study, aiming to predict the mechanical properties of highly
porous ceramics. The modified GMR equation is stated in the

Semi-empirical formulae describing Young's modulus as a function of volume fraction porosity P. M is an elastic property (such as modulus, hardness, etc.) and E is

the Young modulus. The values of 4, f, b, A, P. and J are determined by fitting the formulae to experimental results.

Author (year) Reference Equation
24,25] E = Eo(1-hP) (3)
Ryshkewitch-Duckworth (1953) 26-28] E = Egexp(—bP) @

[

[
Knudsen (1959) [25,29]

[

Hasselman (1962) 30,31]
Phani—Niyogi (1987) [32,33]
Phani—Niyogi (1987) [25,32,34]
Shaocheng Ji (2004) [35,36]

E=E(1=f,P+f,P) )

AP
E= Eo{1 +m}(6)

E = Ey(1-P)" (7)
E = Ey(1-aPy (®)
N
J _ A
MC - ;(V,Ml-) (9)
M,

—_— = (I—P)l/j (10)

s
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Fig. 7. (a) Micro-hardness of the porous chromium carbides carbonized at
different temperatures. Average values and mean squared-error values are
shown for measurements on 10 samples. (b) Micro-hardness of the porous
chromium carbides with different average pore diameters. Average values and
standard deviations from 10 samples are shown.

following equation:

1/J
E:EO(I—PI)J) (12)

c

This equation is very similar to Eq. (8), however the volume
fraction porosity P is scaled against the critical porosity P,
enabling a more accurate picture of the material to be captured
at high porosities. The correlation of Young's modulus with the
porosity of the carbide is shown in Fig. 6. In order to obtain a
wide range porosity of porous carbide, the second reaction
sintering process was employed to prepare the samples from
Cr3C,/PEG with porosities around 40%. It can be seen that
Young's modulus of carbide drops sharply when the porosity
of carbide increases from 40% to 65%. As shown in Fig. 6, the
fitting curve employed by the GMR model does not agree well
with all of the data points. The deviation of the GMR fitting
curve from the experimental results may result from the
existence of a critical porosity P., at which Young's modulus

of the open-pore ceramic approaches zero [37,38]. Fig. 6 also
shows the fitting curve based on the modified model (Eq. (12))
( Eg=380 GPa for Cr;C,), which can accurately fit all the data
obtained, using the parameters P.=0.8 and J=0.355.

Physically, P. has been proposed to be the initial porosity
(1—pg) of porous materials prepared by a powder sintering
process, where pg is the “initial relative density” [39]. In our
carbides, P. does not match the measured values of the initial
porosity (between 0.45 and 0.5). This discrepancy may be
attributed to the specific method in which the phase transfor-
mation occurred in our process. The exponent J is considered
to depend on the geometrical shape, spatial arrangement,
orientation and size distribution of pores, and its value should
lie in the range from O to 1. J=1 for porous materials with
long cylindrical or hexagonal pores aligned parallel to the
direction of stress, and J=0 represents an extreme case where
the effective mechanical properties of a porous material will
become zero regardless of porosity. Generally, intergranular,
continuous, channel pores cavities are characterized by a lower
J value than intragranular, isolated and rounded pores. The
open pores exhibit a lower J value and thus have a more
pronounced effect on the effective mechanical properties than
the closed pores. As the porous Cr3C, studied in this paper has
been determined by SEM and porosimetry to be comprised of
intergranular, continuous and channel-like pore cavities struc-
tures, a low value of J is expected. The value J=0.355 which
was fitted from experimental data is consistent well with the
semi-empirical laws.

3.4. Hardness

Hardness is an important parameter describing the resistance
of a material to plastic deformation. This property is intimately
related to other mechanical properties such as bending
strength, wear resistance, compressibility, toughness, elastic
modulus and so on [40]. The hardness of porous ceramics is
also strongly influenced by porosity. Here, the hardness of
porous Cr;C, samples prepared from Cr,O3/PEG was mea-
sured by indentation hardness testing. The measured values of
Vickers hardness (HV) of different porous samples are shown
in Fig. 7, and are compared with the values calculated using
two different models. The measured Vickers hardness (M)
increased from about 22.9 to about 73.1 as the carbonization
temperature increased from 1000 °C to 1300 °C. At all
temperature points other than 1000 °C, the measured values
matched well with the theoretical values calculated by our
model M = M()(l—P/PC)l/ 7 (with fitted constants P,=0.8 and
J=0.355). It also can be seen that the measurement Vickers
hardness increased as the average pore size increased from
0.8 pm to 3.5 pm in Fig. 6(b). As we observed previously, the
reaction sintering temperature has a strong influence on the
size, shape and distribution of the grains. We conclude that the
hardness of the porous chromium is also strongly influenced
by pore structure, which is highly dependent on sintering
temperature.
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4. Conclusions

Porous Cr;C, with a continuous open pore structure was
fabricated by a reaction sintering process. The porosities of
carbides carbonized from Cr,O3 are concentrated in a narrow
range of 55-65% for sintering temperatures between 1000 °C
and 1300 °C. As the carbonization temperature increased from
1000 °C to 1300 °C, the average pore size increased from
0.8 pm to 3.5 pm, while the distribution of the pore diameters
became more dispersed.

The porosity of the carbides is mainly attributed to two
factors: (1) the initial gaps and binding materials between
packed chromium oxide powders (with —325 mesh particle
size) mixed with 10% PEG under 80 MPa pressure (45-55%);
and (2) the volume reduction of the phase transformation from
Cr,03 to Cr3C, (approximately 10—15% of the initial volume).
The sintering temperature contributed only weakly to the
overall porosity of porous Cr3C,, despite the differences in
pore size and distribution observed at different temperatures.

Young's modulus of the porous Cr;C, decreased rapidly as the
porosity increased. A semi-empirical equation E = Eo(1—P/ P
was developed from the GMR to describe the porosity dependence
of Young's modulus in the continuous open pore carbides, and a
group of constants, P.=0.8, and J=0.355, were fit from the
experimental data. These constants are helpful in evaluating the
mechanical properties of porous Cr;C, with similar microstructures
and investigating the relationship between mechanical properties
with porosity in porous materials.

The hardness of the porous Cr;C, is mainly affected by the
pore structure. The value of Vickers hardness varied from
20 to 90 as the average pore size increased from 0.8 pm to
3.5 pm.
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