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ABSTRACT (250)

Oxidation kinetics and mechanical behaviour of Cr,AlC foam with a porosity of 53 vol.% were
investigated. Microstructures of CroAlC foams oxidised in the temperature range 1173 to 1473 K for times
between 0 and 100 h were examined. Uniaxial compression tests were performed at different temperatures
in the range 298 to 1398 K to assess mechanical properties. The oxidation forms continuous with cohesive
AL O3 layers on the Cr,AIC matrix, beneath which porous Cr;Cs is formed. The oxidation kinetics can be
expressed by a parabolic law. An excessive oxidation takes place first in thin struts, where a breakage A1,O3
layer occurs, followed by oxygen inflow and decomposition of inner material. At 298 K, non-oxidised
CrAlC foam fractures intergranularly. Slight oxidation improves compressive strength, as the Al,Os layer
(2.5 pm or thinner) can prevent cracks to propagate from inside outward. However, an excessive oxidation
deteriorates any improvement due to the breakage of Al,Os layer in thin struts followed by the material
decomposition. At 1273 K and 1398 K, non-oxidised porous Cr,AlIC fractures intergranularly, accompanied
by a plastic deformation around small Al,O3 particles segregated at grain boundaries. Oxidised Cr,AlC
foam with the Al,O3 thickness of 2.5 um has a slightly higher brittle-to-plastic transition temperature
(~1273 K) than dense Cr2AlC. A thicker Al,O3 layer (~5 um) is required to reinforce the material due to
inferior mechanical properties of Cr2AIC at high temperatures. On the basis of the elucidated oxidation and

fracture mechanisms, a safety criterion for high-temperature applications is suggested.
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1. Introduction

MAX phases are layered materials with a general formula of M,+1AX,, where M is an early transition
metal, A is an A-group element of the periodic table, X corresponds to C and/or N, and » is typically 1, 2, or
3 [1]. They have attracted a strong interest because of their unique combination of properties, bridging the
gap between metals and ceramics [2]. Whilst more than 80 different MAX phases have been discovered to
date, MAX phases that contain aluminium as “A” element are of particular interest for high temperature
applications, since these Al-based MAX phases form under oxidizing atmosphere at high temperature,
typically > 1273 K, an external, cohesive and dense a-Al,Os layer that protects the material against further

oxidation [3][4].

Among all the Al-based MAX phases, TirAlC, TizAlC,, and CrAlC appear to possess the best
oxidation and corrosion resistances [3], and so these MAX phases are excellent candidates to be operated at
high temperature under aggressive environments due to the above mentioned response and the combination
of other characteristic features of MAX phases, such as lightweight, high elastic modulus, thermal and

electrical conductivity, good machinability with excellent thermal shock resistance and damage tolerance

[SI[6][71[8].

Whilst the excellent properties of MAX phases have triggered the development of various structures
such as thin films and composites [9][10], porous MAX phases have been investigated to a minor extent
despite their high potentials for various applications such as catalyst supports and heat exchangers. In fact,
a number of main drawbacks of reticular ceramic structures, i.e., high brittleness, hard machining, complex
joining with metals, and high coefficient of thermal expansion mismatch, could be overcome by using
MAX phase foams. Most of the studies on MAX phase foams published to date are mainly focused on
processing routes [11][12][13][14][15]. Different routes lead to tailor diverse final microstructures, such as
porosity, pore size, and thickness of struts. Recently, Cr,AlC foams have been produced by a sacrificial

template and replica method [16][17].



The oxidation kinetics of Cr,AlC was also investigated in a number of studies, and its excellent
oxidation resistance was demonstrated [3][18][19][20][21].The oxidation starts at a temperature of ~
1073K and leads to a dense and cohesive Al,Os3 layer on the outer surface of CroAlC owing to the outward
diffusion of Al, beneath which porous Cr;C; is formed. Effects of various factors such as cyclic oxidation
and grain size on the oxidation were reported [5][22][23]. Also, a crack self-healing effect in Cr,AIC due
to the oxide scale formation was confirmed [24][25]. Most of the studies suggested that the oxidation
kinetics of Cr,AIC could be parabolic, whereas it has also been claimed that the oxidation kinetics of
CrAIC could be more complex, not expressed by a simple parabolic or cubic model [3]. The oxidation of
porous Cr,AlC has been also reported, which also confirmed remarkable formations of Al,O3 and Cr;Cs
above 1073 K. It should be noted that CroAIC is the only Al-based MAX phase which forms a carbide layer
(Cr7Cs) beneath Al,O3 layer after oxidation; however, the formation of Cr;Cs is quite problematic, because

it could be easily oxidised in case of a breakage of AO3 layer, which will be catastrophic [3].

Compared to those studies on processing and oxidation of Cr2AlC, the number of studies in literature on
the mechanical properties is quite limited [24-30]. Mechanical properties of Cr,AIC such as Young’s
modulus, flexural strength, and fracture toughness were studied mostly at room temperature [29-31].
Young’s modulus and compressive strength at room temperature are found to be 288 GPa and 1159 MPa
[28], respectively, which are comparable to other Al-based MAX phases such as TizAlC; and Nb,AIC [7].
Effects of various factors, such as impurity [30] and thermal shock [31], on the mechanical properties were
investigated, whilst elastic properties determined by ab-initio molecular dynamics simulation were
compared to the experimental values [29]. The temperature dependence of mechanical behaviour was also
investigated on the basis of four-point bending tests, which revealed that the brittle-to-plastic transition
occurs between 1073 K and 1273 K [32], close to that of the other Al-containing MAX phases, i.e., TiAIC

[33] and T3AIC, [34].



The number of studies on mechanical properties of Cr,AIC foam is even more limited. Recently, the
compressive strength of Cr,AlC foam was investigated in a uniaxial compression test at room temperature,
which demonstrated that a pre-oxidation of CroAlC foam at 1473 K for 1 h can significantly improve the
compressive strength [16]. The effect of porosity on creep deformation behaviour of CroAIC foam was
investigated at elevated temperatures [26], which also revealed that the pre-oxidation can improve the creep
resistance of Cr,AlC foam by a few orders of magnitude. Both of the studies on the mechanical responses
of Cr,AIC foam have attributed the observed reinforcements to the oxide scales formed on the surface by
the pre-oxidation; however, the oxidation kinetics and reinforcement mechanisms of Cr,AIC foam are not

well understood yet.

The aim of the current work is to investigate the oxidation mechanism and mechanical behaviour of
CrAlIC foam. Cr2AlIC foam containing 53 vol.% porosity was oxidised at temperatures between 1173 K
and 1473 K for times between 0 and 100 h, and the respective microstructure was examined. Uniaxial
compression tests were performed at 298 K, 1273 K, and 1398 K using Cr,AIC foams pre-oxidised at 1473
K for times between 0 and 50 h to examine mechanical properties, i.e., compressive strength and Young’s
modulus. On the basis of the results, the oxidation and fracture mechanisms of Cr,AlC are elucidated, and a

safety criterion for application is suggested.

2. Experimental

Processing of porous Cr,AlC was carried out in two consecutives steps. First, CrAIC powder was
synthesized from its elemental constituents by liquid/solid state reaction, followed by a second step to
consolidate porous samples at high temperature as reported with more details in [26][16]. Briefly, Cr, Al,
and C powders (all from Alfa Aesar, Germany) were mixed in a molar ratio of 2:1.1:1, respectively, and
uniaxially pressed at 100 MPa. Pellets were heated at 1673 K in argon atmosphere for 3 h to synthesize the
CrAlC phase. Then, Cr,AlC samples were ground and milled to obtain the final powder with a unimodal

particle size distribution and a mean particle size of 9 pm. Porous samples were produced by a sacrificial



template method, using ammonium hydrogen bicarbonate (NH4sHCO3) as temporary space holder material.
CrAIC powder was mixed with 60 vol.% of NH4HCO3, followed by cold uniaxial pressing to obtain
pellets of 13 mm diameter and 10 mm height. The space holders were burned-out at low temperature (353
K) in air, and the porous structures were consolidated at 1523 K for 5 h in argon atmosphere. The
consolidated porous samples possessed a final porosity of 53 vol.% with pore sizes between 180 and 250
pm. The microstructure of the prepared sample is reported in detail in a previous study [18].

The prepared porous CroAlC was cut into rectangular bar samples with dimensions of approximately

2.5%2.5x6 mm? using a diamond wheel saw. The bar samples were annealed at 1273 to 1473 K for 1 to

100 h in ambient air using an electric furnace. (Note that the oxidation at 1173 K and lower was too slow
for the present evaluation.) The cross-section of the annealed samples was polished with abrasive papers
(#2000) and investigated using a scanning electron microscope (SEM) and energy dispersion X-ray
analysis (EDX) (TM3030, Hitachi High-Technologies) to examine the microstructure.

Then, the mechanical behaviours of porous Cr,AlC annealed at 1473 K for different times were
examined via uniaxial compression tests using a universal testing machine (AGS-X, Shimadzu) with an
infrared furnace (IR-TP1-2, Yonekura). The testing temperatures were 298, 1273, and 1398 K with heating
rates of 25-100 K/min. Each individual specimen was heated to the test temperature under a small pre-load
of 0-5 MPa, followed by a holding period (20 min), and then the compressive stress was applied to the
sample with the loading rate of 0.5 MPa/s. The specimen was rapidly cooled down after the test. All the test
process (from the start of heating to the end of cooling) was finished within 30 min to avoid further
oxidation for subsequent observation of fracture surfaces. The strain was measured using strain gauges
(FLA, Tokyo Sokki) at room temperature, whilst only the displacement of the loading head was recorded at
high temperatures. The obtained mechanical properties, i.e., compressive strength at each temperature and

Young’s modulus only at 298 K, are discussed especially their relationship to variations in microstructure.

3. Results



3.1 Microstructure of oxidised porous Cr:4IC

Figure 1 shows the SEM images of polished cross-sections of porous Cr,AlC specimens annealed at
1473 K for 3 h, 10 h, and 50 h (general views in (a)-(c) and at higher magnifications in (d)—(f)),
respectively, where the material compositions shown here are assigned by the additional EDX analysis. The
formation and growth of Al,O3; with porous Cr7Cs layers beneath are clearly observable (Fig. 1(a) and (d)),
as similarly reported for dense Cr2AlC in the previous studies [3][19]. The thickness of Al,O3 layer on the
surface increases with annealing time, whilst the Cr;C; layer beneath the Al,O3; grows thicker with a higher
apparent rate and simultaneously becomes very porous (Fig. 1(b)). Accompanied by the formation of Al,O3
and Cr7Cs, the remaining volume of porous Cr,AIC matrix decreases with the annealing time. In addition to
Cr7Cs, Cr203 starts to appear in the sample annealed for 10 h (Fig. 1(b) and (e)), which grows then further
with the annealing time up to 50 h, whilst some Al,O3 domains start to appear not only on the surface but
also inside of the samples (Fig. 1(c)). In addition, the outer surface of Al,O3 becomes slightly porous after
longer annealing (Fig. 1(f)), as similarly reported for dense Cr,AIC [24]. The sample annealed for 50 h at
1473 K consists predominantly of Al,O3, Cr;Cs, and Cr,Os, whilst there is only a small amount of
remaining Cr>AlC matrix.

Figure 2 summarises the thickness of Al,O3 layer Ak formed on the porous Cr2AlC annealed at different
temperatures in the range 1273 K to 1473 K for times between 0 and 100 h, where the Al,O3 thickness was
determined on the basis of three SEM images with five different measuring points each. The Al,Os3 layer
becomes thicker for the samples annealed at higher temperature for longer annealing times, which agrees
with the observations for dense Cr,AlC [36]. The specimens with the same AlO3 thickness have similar
microstructures regardless of annealing condition. (It should be noted that the thickness of Cr;Cs layer was

too varied all over the specimen to determine its average thickness, unlike Al,O3.)

3.2 Mechanical properties of oxidised porous Cr:AIC
Figure 3(a) presents the stress vs strain relationships of porous Cr,AlC pre-annealed at 1473 K for

different times, obtained via uniaxial compression tests at 298 K. The relationships are mostly linear, and



all the specimens fractured in a brittle manner. Figure 3(b) and 3(c) present the stress vs displacement
relationships obtained via the uniaxial tests at 1273 K and 1398 K, respectively. Some specimens tested at
1273 K, especially the ones annealed for short times at 1473 K, and all the specimens tested at 1398 K
revealed a large plastic deformation before fracture or collapse. During the plastic deformation, the stress
vs displacement curves displayed a number of small spikes, especially for the samples annealed for shorter
times or tested at higher temperature (1398 K).

Figure 4 summarises the compressive strength of porous Cr,AlC annealed at 1473 K for different hours
in relation to Al,O3 thickness, where the compressive strength was evaluated using the maximum stress
before large plastic deformations occurred. (Note that the thickness of Al,O3 layer formed on the specimens
tested at high temperatures was re-evaluated using specimens separately annealed under the same
conditions in order to take into account a growth of Al;O; layer during the compression test, although its
growth was quite small). The compressive strength at 298 K shows a significant increase from 76 MPa to
153 MPa when the Al,O3 thickness increased from 0 to ~ 2.5 um, followed by a gradual decrease to 50
MPa with increase of the Al,Oj3 thickness to 7.6 pm. At 1273 K, the compressive strength of porous Cr,AIC
(without pre-oxidation) is considerably lower than the strength at 298 K, and the Al,O3 layer of 3 um does
not yet reinforce the porous Cr,AlC unlike at 298 K. However, the strength shows a noticeable increase
reaching a maximum of 138 MPa for an Al,Os thickness of 4.9 um, followed by a slight decrease to 110
MPa with increase of the ALLO3 thickness to 8.1 um. The strength at 1398 K exhibits a similar trend to that
at 1273 K, whilst the variation is smaller, and its maximum is 128 MPa for a 4.5 um Al,Os layer. (It may
appear to increase monotonically except for the one annealed for 6 h.)

Figure 5(a) summarises the Young’ modulus of porous Cr,AlC annealed at 1473 K for different times in
relation to the Al,Oj3 thickness, obtained via compression tests at 298 K. The modulus shows a very similar
trend as the compressive strength presented in Fig. 4(a), although its variation is much smaller than that of
the strength. Figure 5(b) presents the Young’s modulus vs compressive strength at 298 K. There appears to
be a good correlation between the Young’s modulus and compressive strength, whilst the fracture strain &¢

also correlates with the strength, where ¢ was determined using the strain corresponding to the maximum



stress.

Figure 6 presents the SEM images of fractured surface of oxidised porous Cr,AlC annealed for 0, 3, and
20 h, respectively, fractured at 298 K ((a)-(c)) and 1273 K ((d)-(f)). The predominant fracture mode of
porous Cr2AlC is intergranular in all cases. There are very small Al,O3 particles observable on the surface
of intergranularly-fractured grains, as reported in literature [28], which exist already in the original material
as can be seen in Fig. 1(d) as small dots. Some delaminations in the grains are also visible in the
transgranularly-fractured grains, which are found in the vicinity of the Al,O3 layers/domains. The cracks
appear to propagate along the grain boundaries in the Cr,AIC matrix and also connecting pores (internally
covered with A2O3) in CrzAIC and Cr;Cs. There are more transgranular fractures with rougher surfaces
when fractured at high temperatures, especially for less-oxidised samples. No significant deformation of
grains is observed. On the fracture surface of Al,O3, the columnar (inner) and equiaxial (outer) structures
are confirmed, as reported for dense Cr,AIC similarly [24]. Few delaminations of the Al,Os3 layer were

observed after the fracture tests at any temperatures.

4. Discussion
4.1 Oxidation process of porous CrAIC

Figure 7 illustrates schematically the oxidation process of porous Cr,AlC, which is suggested on the
basis of the SEM observations shown in Figs. 1 and 6. On the surface the as-prepared Cr,AIC matrix (e.g.
area A in Fig. 7(a)), has no oxidation layers at the beginning (Fig. 7(b)). As annealed, a dense and
continuous AlbO3 layer grows on the surfaces including pore surfaces, beneath which porous Cr;C; forms
(Fig. 7(c)). As the AlbO3 layer thickens, also the Cr;Cs gets thicker and more porous with a higher rate (Fig.
7(d, e)). In the thin struts (e.g. area B in Fig. 7(a)), the oxidation proceeds in a similar way but with a faster
rate of CroAlC consumption due to higher specific surface area, which results in the breakage of Al,O3
layers probably caused by a large volumetric expansion of porous Cr7Cs (Fig. 7(d’)), as can be observed in
Fig. 1(e). The breakage of Al,O3 layers leads to an oxygen inflow, which oxidises the Cr;C; into Cr203,

followed by the spallation of Cr,O3 and the formation of discontinuous Al,Os barriers/domains inside the



material (see Fig. 7(e”)). At the end, the material consists mainly of Al,Os3, Cr;Cs, and Cr203 (Fig. 7(e)),
where only a small amount of CrAlC remains. For instance, the porous Cr2AlC annealed at 1473 K for 3 h,
10 h, and 50 h has the microstructures illustrated in Fig. 7(c), (d, d’), and (e, ¢’), respectively. (This
suggested mechanism appears to be representative when oxidised in the present temperature range, i.e.,
1273 K to 1473 K, but not applicable to oxidation taking place at 1723 K or higher due to incongruent
melting [1].)

The thickness of AlO3 layer increases monotonically with the annealing time and temperature as
presented in Fig. 2. The microstructures with the same Al,O3 thickness are similar to each other regardless
of the annealing condition, which indicates that the development of the Al,O3 layer might be represented by
its thickness. The relationship between the time ¢ and the Al,O;3 thickness Ak at each temperature can be

approximated by a parabolic law [3], pAh = (kpt)'?, as shown in Fig. 8(a), where p is density of AO3 (3.9
x103 kg/m3 [35]) and &, is an oxidation constant. Figure 8(b) is the Arrhenius plot of the oxidation constant,

where k;, appears to follow a thermally-activated process. (Note here that the data of samples annealed at
1473 K for longer than 20 h are excluded due to the excessive oxidation.) The obtained activation energy
for the Al,O3 formation of porous Cr,AlC was 346 kJ/mol, which is comparable to the one obtained for
powder Cr,AlIC using thermogravimetric analysis (297 kJ/mol) [34]. The increase of the Al,O3 thickness Ak
with annealing time measured at ambient temperature can thus be expressed by the following relationship:

pAh = {16677 t exp (—41632/ T)}'? [kg/m?] (1),
where the coefficient of determination R?> = 0.9998 for Eq. (1) and R> = 0.936-0.996 for the original
parabolic curve fittings (Fig. 8). (The relatively low R? values could be mostly attributed to the large
variations of the measured thickness shown in Fig. 2.) It should be noted that, if a cubic law pAh = (k)" is
applied, the following relationship results:

pAh = {2.66x10° ¢ exp (-54423/ T)}'*  [kg/m?] 2),
where R?=0.9955 for Eq. (2) and R*= 0.932-0.986 for original cubic curve fittings. These results suggest

that the parabolic law appears to provide a better fitting than the cubic law in the present case, although the



exact oxidation kinetics of Cr,AlC is considered to be more complex compared to other Al-based MAX

phases and not to follow simple parabolic or cubic law [3].

4.2. Mechanical Properties of oxidised porous Cr:AIC
4.2.1. Room Temperature

As shown in Figs. 4 and 5, the compressive strength and Young’s modulus at 298 K have their
maximum values (150 MPa and 63 GPa, respectively) for a thin Al,O3 layer (c.a. 2.5 um). However, further
growth of the Al,O3 layer (up to 8 um) rather deteriorates the improvements. It can be considered that the
continuous and cohesive ALO3 layer formed on CrAIC via porous Cr7Cs plays an important role in the
improvement of the mechanical properties, as has been seen for the high-temperature creep resistance
reported in the previous study [26].

Figure 9 illustrates the fracture modes of the oxidised porous Cr,AlIC with crack propagation paths,
which are derived on the basis of the SEM observations of cross-sections and fracture surfaces. As a
general rule, the predominant fracture mode of porous Cr,AlC is intergranular as verified for the dense
CrAlC [32], whilst a transgranular fracture is additionally observed in grains that are constrained by the
AlO; layers/domains or material boundaries (Fig. 9(a)). Non-oxidised porous Cr,AIC fractures
intergranualarly, possibly starting from defects such as very small ALLO; particles at grain boundaries.
Slightly-oxidised one fractures in the same way, where the crack propagation starting from the grain
boundaries of Cr2AlC could be hindered by the Al,O3 layer (Fig. 9(b)), resulting in the reinforcement of the
material. If annealed longer, the Cr;Cs layers becomes more porous with larger pore sizes, where the inner
surface of pores is also oxidised, where the cracks appear to initiate from / propagate through these pores
due to stress concentrations (Fig. 9(c)) [22]. An excessive oxidation causes the breakages of AlOs,
followed by a material decomposition as explained in Fig. 7, which seems to result in a weakening of the
mechanical properties due to multiple possible crack paths, i.e., (Fig. 9(d)). Cracks connecting the pores are
frequently observed in the vicinity of material boundaries (i.e. Cr203/Cr7C3 and Cr703/Cr,AlC). Therefore,

a slight oxidation can improve the mechanical properties, especially the strength, due to the dense and



cohesive Al,O3 layer preventing the crack to propagate from inside; however, an excessive oxidation causes
the breakage of AlOs, followed by the decomposition of CrAlC, which deteriorates the strength
improvements.

For further discussion, the variation of mechanical properties was estimated by a simple theoretical
model: The properties of porous Cr,AIC with Al;O3 and CrsCs layers might be roughly expressed by a
Voigt model, X=2X; ¢; (; = 1~3) [37], where X; is property (Young’s modulus £ or compressive strength c.)
of each phase, ¢; is volume fraction (= Vi/V, where V; is volume of each phase and V is the total volume),
and 7 is material index (1 = porous Cr,AlC, 2 = dense Al,O3, 3 = porous Cr7Cs, hereafter). The Voigt model
was chosen in this study, as this is one of the simplest models which can predict reinforcements. For the
AlO3; phase (i = 2), Young’s modulus and compressive strength are 340 GPa and 2500 MPa [35],
respectively, and the variation of volume fraction was estimated based on Eq. (1) assuming an average pore
size of 215 um [16]. For the porous Cr,AIC phase (i = 1), the apparent volume including pores is assumed
to be constant, whereas its porosity is considered to increase if annealed (considering a volume decrease in
the microstructure) following a chemical reaction (i.e., the formation of 1 mol of Al,O3 costing 2 mol of
Cr,AlC). The variation of mechanical properties of CroAlC with increasing porosity at 298 K is estimated
on the basis of preliminary experimental results shown in Fig. 10. (The modulus and strength were obtained
in identical compressive tests using specimens with the porosity of 2%, 53%, and 75%. Details on the used
materials can be found in our previous studies [26][27].) For porous Cr;Cs (i = 3), the apparent volume
(including pores) is roughly assumed to increase four times larger than the volume of Al,Os, which leads to
a total volume expansion that agrees with the one experimentally observed, whilst its mechanical properties
are to be variables. Table 1 summarises the properties used for the estimations.

Figure 11 presents the variation of mechanical properties as estimated by the Voigt model with Cr7C;
properties (X3) as variables. (Here, the properties of oxidised porous Cr,AlC with A>Os3 thicker than 5.5 um

are not discussed since the microstructure is different due to the excessive oxidation.) In the early oxidation

stage, i.e., when the A[,O3 thickness Ah < 3 um, the increase of total Young’s modulus £ can be explained



well by the reinforcement of AL,O3 layer as shown in Fig. 11(a), where the porous Cr;C; (E3 = 165 GPa) is
not yet dominant in the structure. If annealed longer, i.e., when Ah > 3 um, more porous Cr;C3 with lower
modulus (E£3 = 65~110 GPa) forms and becomes more dominant in the structure, which appears to result in
a decrease of the total modulus. The compressive strength shown in Fig. 11(b) is significantly enhanced by
the AlLOs3 layer, as the strength of Al,O3 is much higher than porous Cr,AlC. For Ak = 3 pm, the maximum
strength of 153 MPa can be modelled using the o3 = 280 MPa. For Ah > 3 pm, where porous Cr;Cs
becomes dominant, the decreasing of o3 (e.g. oc3 as low as 10 MPa) does not predict the decrease of the
total strength unlike E, because the strength Al,O3 is much higher than that of the others. This suggests that
the decrease of total strength for Az > 3 pm might be attributed to the breakage of the continuous AlO3
layers.

Therefore, the moderate variation of modulus in relation to AlOs thickness is attributed to the
combination of volume fractions of Al,O3 and porous Cr;Cs, whereas the considerable variation of strength
can be attributed to the continuity of the cohesive Al,O; layer. Although the present property estimations
contain various assumptions due to a number of uncertain parameters, it is helpful to understand the

variation of mechanical properties with respect to oxidation.

4.2.2. High Temperature

A mechanical behaviour with plasticity was observed at 1273 K only for less-oxidised specimens and at
1398 K for all the specimens. The porous Cr2AlC specimens that did not show a large plastic deformation
fracture in a brittle manner, whereas the plastically-deformed ones tend to collapse. The porous CrAIC
teste at high temperatures has more intergranular fracture with rougher fracture surfaces, compared to the
ones tested at 298 K. Transgranular fracture with delaminations in the grains appears mostly just beneath
the Al,Os. The rough surface, especially found for less-oxidised specimens, can be attributed to dimples
caused by a plastic deformation around very small Al,O3 particles at grain boundaries, as illustrated in Fig.
9(e), which could lead to the macroscopically-observed plastic deformation shown in Fig. 3. (It is worth

noting that this result implies that less segregation of Al,Os at the grain boundaries would suppress the



plastic deformation at high temperatures, leading to an increase of the brittle-plastic transition temperature,
which requires however further verification.) In addition, the small spikes observed in Fig. 3, which are
found only during the plastic deformation at high temperature, might be related to further oxidation
probably followed by the breakage of the oxidation layer during the deformation, as less annealed samples
at higher temperatures show these spikes more frequently.

As shown in Fig. 4, the sample annealed at 1473 K for 3 h (with Ak = 2.5 um) has significantly
improved mechanical properties when measured at 298 K, whereas prominent but smaller improvements
are observed with thicker ALOs (Ah = c.a. 5 um) at 1273 K and 1398 K. To understand this apparent
difference between the behaviour at room and high temperatures, additional compression tests were
performed in the temperature range from 298 K to 1398 K, in particular around 1273 K, only for porous
CrAlC annealed at 1473 K for 3 h (Ak = c.a. 2.5 um). Figure 12 shows the compressive strength of porous
CrAlC annealed at 1473 K for 3 h as a function of temperature, where the strength of porous Cr,AIC
annealed at 1473 K for 0, 10, and 50 h are shown for comparison. (Note that the small growth of the AL,O3
layer during the test is not considered here.) The improved strength is retained from 298 K to 1248 K (with
only a 10% of variation), where all the samples fracture in a brittle manner, whereas it drops sharply around
1273 K, followed by a slight recovery at 1398 K. For dense Cr,AIC, mechanical behaviour with obvious
plasticity was observed above 1173 K in a four-point bending test [32], accompanied by an abrupt decrease
of the flexural strength. It was concluded that the brittle-to-plastic transition temperature was between 1173
and 1273 K [32]. Therefore, although the mechanical properties of the porous CrAlC matrix without
oxidation should decrease above the temperature of 1173 K, the pre-formed Al,O3 (Ah =2.5 um) leads to a
retained strength of the porous Cr,AlC up to 1273 K. However, when the strength of Cr,AIC matrix
becomes too low above 1173 K, it requires a thicker Al,O3 layer (Ah = 5 um) to retain a superior strength.
At high temperatures, the decomposition of the material does not degrade the strength much, probably

because the amount of Al,O3 with its superior properties plays an important role.

4.3. Recommended lifetime



On the basis of the present experimental results, a safety criterion of porous Cr,AlC for application at
elevated temperature is discussed in the following from a mechanical point of view.

When as-prepared (i.e., non-oxidised) porous Cr,AIC is used at elevated temperature, it will be
gradually oxidised. It was observed that some oxidation can monotonically improve the mechanical
properties of porous Cr,AlC, whereas an excessive oxidation could ruin the improvement. The variation of
mechanical properties during oxidation (at 1473 K and lower) can be attributed to the microstructural
changes illustrated in Figs. 7 and 8, which can be represented by the Al,O3 thickness determined by Eq. (1).
For instance, at operation temperature 1273 K, the initial compressive strength of porous Cr,AlIC (almost)
without oxidation is about 58 MPa (as shown in Fig. 4(b)), and it is expected to monotonically increase
during usage at 1273 K until the thickness of the Al,O3 layer reaches ~ 5 um, which can be obtained after
~1008 h according to Eq. (1). In other words, as-prepared porous Cr,AlC can be used without property
degradation (rather with some property improvement) until 1008 h at 1273 K. Below 1243 K, the
mechanical property will be retained or even improved until the Al,O3 layer grows to ~2.5 um, assuming
that mechanical properties remain unchanged in the temperature range from 298 K to 1243 K, as shown in
Fig. 12.

Figure 13 summarises the recommended maximum operation times Z.,, without mechanical property
degradation at operation temperatures from 1100 K to 1400 K, which can be determined by

fapp = (PAhy)? exp (41632 /1) / 16677  [s] 3),

where Al is the thickness of Al,O3; where the mechanical properties (i.e., here compressive strength) show
their maxima, which is assumed to be 2.5 um for 7 < 1273 K and 5 um for 7> 1273 K, respectively. It

should be noted that the material would deform plastically at temperatures above 1173 K.

5. Conclusion
Oxidation kinetics and mechanical behaviour of Cr,AlC were investigated in this study. The porous

CrAIC with a porosity of 53% was oxidised at different temperature, and the microstructures of the



oxidised porous Cr,AlC specimens were examined. Uniaxial compression tests were performed at various
tempertures using porous Cr,AlC oxidised at 1473 K to characterize the mechanical properties.

Overall the oxidation of porous Cr,AIC is similar to the oxidation of its dense counterpart: A continuous
and cohesive Al,O3 layer forms on the Cr,AlC matrix, beneath which porous Cr;C; forms. The oxidation
mechanism can be roughly expressed by a parabolic law. However, an excessive oxidation takes place, first
in thin struts, where the formed Al,O3 layer breaks, followed by an oxygen inflow and decomposition of the
inner material. This excessive oxidation in thin struts appears to start when the thickness of the Al,O3 layer
exceeds 2.5 um.

At room temperature (298 K), non-oxidised porous Cr2AlC fractures intergranularly, possibly with
crack initiations from very small Al,O3 particles at grain boundaries. Constrained grains tend to fracture
transgranularly with delaminations. Slight oxidation significantly improves the mechanical properties,
especially the compressive strength, as the Al,O; layer formed on the surface can prevent the initiated
cracks to propagate from inside outward. However, an excessive oxidation (with the Al,Os layer thicker
than 2.5 um) deteriorates the improvement in the strength, which can be explained by a breakage of the
ALOs layer at thin struts followed by a material decomposition.

At elevated temperatures (1273 K and 1398 K), non-oxidised porous Cr,AlC fractures intergranularly
accompanied with a plastic deformation around very small Al,O3z particles at grain boundaries, which
results in a macroscopic plastic deformation. Although the predominant fracture mode of slightly-oxidised
porous Cr,AlC is also intergranular, a thicker Al,O3 layer (~5 wm) is required to reinforce the material,
since the Cr,AlC matrix softens and gets weaker at high temperatures. The brittle-to-plastic transition
temperature appears to be slightly raised by the Al,Os layer with a thickness of 2.5 um from 1173 to 1273
K for non-oxidised, dense Cr,AlC.

Lastly, a safety criterion, i.e., a maximum operating time at high temperature, is suggested on the basis
of the oxidation and fracture mechanisms discussed above: for example, the non-oxidised porous Cr,AIC

can be used at 1273 K for up to 1008 h with no property degradation but rather with some improvement.
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Captions

Table 1 Parameters used for the property estimations in Fig. 11.

Figure 1 Cross-sectional SEM images of porous Cr,AlC annealed 1473 K for different hours: (a) 3 h, (b)
10 h, and (c) 50 h at lower magnification, and (d) 3 h, (e) 10 h, and (f) 50 h at higher magnifications. Each
area is assigned to Cr7Cs, CroAIC, Cr203, Al,O3, and pore (embedding resin), respectively, from the

brightest colour.

Figure 2 Thickness of AO3 layer formed on porous Cr2AIC annealed at different temperatures and

times.

Figure 3 Mechanical behaviours of porous Cr,AlC annealed at 1473 K for different hours, obtained in the

uniaxial compression test at different temperatures: (a) 298 K, (b) 1273 K, and (c¢) 1398 K.

Figure 4 Compressive strength and Al,O3 thickness of porous Cr>AlC annealed at 1473 K for different
hours, obtained in the uniaxial compression test at different temperatures: (a) 298 K, (b) 1273 K, and (c)
1398 K. The symbol * represents the specimen annealed at 1373 K for 1 h. The symbols o and e express

predominant mechanical behaviours: o is for brittle fracture, whilst e is for plastic deformation.

Figure 5 Young’s modulus of porous Cr,AlC annealed at 1473 K for different hours, obtained in the
uniaxial compression tests at 298 K with relation to (a) Al,O3 thickness and (b) compressive strength at 298
K. The symbol * represents the specimen annealed at 1373 K for 1 h. The inset in (b) shows the strength vs

the fracture strain relationship.

Figure 6 Fracture surface of porous Cr2AlC annealed at 1473 K for different hours tested in the uniaxial

compression at different temperatures: (a-c) and (d-f) are fractured at 298 K and 1273 K respectively,



whilst (a)(d), (b)(e), (c)(f) are annealed for 0, 3, and 20 h, respectively. The white and grey arrows indicate

the cracks along grain boundaries and the delaminations in grains, respectively.

Figure 7 Oxidation mechanism of porous Cr,AlC: (a) General view, (b)-(e) oxidation process on the
surface of Cr,AIC (e.g. area A in (a)), and (d”)(e’) oxidation process around thin strut (e.g. area B in (a),

corresponding stage to (d) and (e)).

Figure 8 Al,O3 growth on porous Cr,AlC oxidised under different conditions: (a) Approximations by the

parabolic law and (b) Arrhenius plot of oxidation constant.

Figure 9 Fracture mode with crack propagation path in oxidised porous Cr2AlC: (a) AL,Os3 particles at the
grain boundaries and transgranular fractures with delaminations (shown as striped patterns) in the
constrained grains, (b) intergranular fracture in a slightly-oxidised sample, (c) in a more oxidised sample,
(d) in an excessively-oxidised sample (corresponding to Fig. 7(e’)), and (e) intergranular fracture with

dimple formations at high temperatures. The dashed lines indicate possible crack propagation paths.

Figure 10 Mechanical properties of Cr,AIC with different porosities obtained in the uniaxial compression

test at 298 K and the approximations.

Figure 11 Predictions of mechanical properties of oxidised porous Cr2AIC at 298 K: (a) Young’s

modulus and (b) compressive strength.

Figure 12 Compressive strength of porous Cr2AlC annealed at 1473 K for 3 h as a function of
temperature from 298 K to 1398 K. The strength of porous Cr,AlC annealed at 1473 K for 0, 10, and 50 h
are shown for comparison. The open and filled symbols represent brittle fracture and plastic deformation,

respectively.



Figure 13 Recommended operating condition with Al,O; thickness. The optimum Al,O3 thickness is

assumed to be 2.5 um for the temperature 7< 1273 K and 5 um for 7 = 1273 K, respectively, whilst the

BRT (the brittle-to-plastic transition temperature) is 1273 K for the Al,O; thickness of 2.5 pm.



Table 1

Parameters used for the property estimations in Fig. 11.

) Index  Porosity Volume Young’s modulus Compressive strength
Material
i p Vi E;, GPa o, MPa
Porous Apparently E1=340 exp(-3.62p) ce1= 1370 exp(—5.46p)
CnAIC 1 ) )
(=53%) constant (Fig. 10) (Fig. 10)
AL O3 2 Dense Eq. (1) 340 2500
Cr:,Cs 3 Porous Four times V> Variable Variable




Figure 1 Cross-sectional SEM images of porous CrAlC annealed 1473 K for different hours: (a) 3 h, (b)
10 h, and (c) 50 h at lower magnification, and (d) 3 h, (e) 10 h, and (f) 50 h at higher magnifications. Each
area is assigned to Cr;Cs, CrAlC, Cr203, ALLO3, and pore (embedding resin), respectively, from the

brightest colour.
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Figure 6 Fracture surface of porous Cr2AlC annealed at 1473 K for different hours tested in the uniaxial
compression at different temperatures: (a-c) and (d-f) are fractured at 298 K and 1273 K respectively,
whilst (a)(d), (b)(e), (c)(f) are annealed for 0, 3, and 20 h, respectively. The white and grey arrows indicate

the cracks along grain boundaries and the delaminations in grains, respectively.
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Figure 7 Oxidation mechanism of porous Cr,AlC: (a) General view, (b)-(e) oxidation process on the
surface of Cr,AIC (e.g. area A in (a)), and (d’)(e”) oxidation process around thin strut (e.g. area B in (a),

corresponding stage to (d) and (¢)).
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Crack propagation

Figure 9 Fracture mode with crack propagation path in oxidised porous Cr,AlC: (a) ALO3 particles at the
grain boundaries and transgranular fractures with delaminations (shown as striped patterns) in the
constrained grains, (b) intergranular fracture in a slightly-oxidised sample, (c) in a more oxidised sample,
(d) in an excessively-oxidised sample (corresponding to Fig. 7(e’)), and (e) intergranular fracture with

dimple formations at high temperatures. The dashed lines indicate possible crack propagation paths.
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