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The oxidation of MAX phases has largely been investigated, but the effect of secondary phases and microstructure
is still unclear. We report on the effect of reactive and non-reactive sintering, and starting powders, on the
microstructure, phase formation, and chemical composition of CroAlC MAX phases. The grain sizes are shown to
be sensitive to both the processing method and the starting powders. Secondary phases were observed mostly in

reactively sintered samples as Cr;C3 and AlCry were identified, and Al contents varied between 24.4 and 28.0 at
%. Finally, the oxidation behavior of the produced MAX phases was evaluated after 60 and 120 min at 1100 °C.
The Al content, the average grain size of the as-sintered samples, and the presence of secondary phases affected
the decomposition of the MAX phase into Cr-carbides in the vicinity of the oxide scale and the composition of the

oxide scale, respectively.

1. Introduction

MAX phases constitute a family of inherently nanolaminated car-
bides and nitrides that are given by the formula M, 1 AX,,, where M is a
transition metal, A is an A-group element, and X is either carbon and/or
nitrogen (n= 1, 2, 3) [1,2]. All the MAX phase compositions crystallize
in a hexagonal P63/mmc structure, which, combined with the chemical
composition, provide them with a unique combination of metallic and
ceramic properties [3]. MAX phases are promising for a variety of ap-
plications, particularly those that operate in aggressive environments
and/or high temperature [4-10].

Aside from good thermal and chemical stability, certain MAX phase
compositions are characterized by excellent high-temperature oxidation
resistance. In particular, Al-containing MAX phases such as TiyAlC [5,
11] and Cr2AIC [12-14] exhibit very good oxidation resistance because
of the formation of a protective scale at the surface of the MAX phase.
Indeed, the weakly bonded Al tends to diffuse to the surface and react
with the oxidizing environment to form Aly;Os. The presence of this
oxide scale allows decreasing the inward diffusion of oxygen species
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and, therefore, increases the lifetime of the MAX phase in aggressive
conditions. In the case of CryAlC, in particular, the outward AR diffu-
sion leads to the Al-depletion of the MAX phase in the vicinity of the
newly formed oxide scale and eventually to the transformation of the
Al-depleted MAX phase into Cr-carbides (Cr3Cs and Cr;Cs). As oxidation
progresses further, the Cr-carbide formed oxidizes as well and releases
volatile species — mostly CO and CO; - causing pore formation, which is
detrimental for the mechanical integrity of the MAX phase. Therefore,
efforts have been concentrated on limiting the outward Al diffusion in
order to avoid the formation of Cr-carbides during oxidation.

As the microstructure is one of the major factors influencing oxida-
tion, because of grain boundary diffusion of oxidizing and material
species, different strategies were employed to tune the microstructures
of bulk and thin film MAX phases. Shang et al. investigated the oxidation
behavior of CraAl; 4SixC (0<x<0.07) thin films and reported the effect
Si had on the microstructure of the MAX phase [15]. In comparison with
pure CryAlC, Si hindered grain growth upon oxidation of the MAX phase
and led to thicker oxide scales after oxidation at 1120 °C for 4 h. This
behavior was further described by Pradeep et al. who reported the
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formation of Cr3Si precipitates at the column boundaries of the MAX
phase which inhibited grain growth [16].

Li et al. reported differences between the oxidation behavior of fine-
grained (2 pm) and coarse-grained (60 pm) CroAlC and stated that for
long oxidation times fine-grained CrAlC did not form Cr;C3 due to the
enhanced Al diffusion at the grain boundaries [17]. More recently,
Zuber et al. reported the oxidation behavior of fine (2 pm) and
coarse-grained (50-100 pm), produced by HIP and spark plasma sin-
tering (SPS), and single crystal CryAlC [18]. Al;03 and Cr;Cs were
observed in both HIP and SPS samples, leading to the assumption that
the microstructure does not have that strong of an effect on the oxidation
behavior of Cr,AIC. Furthermore, oxidation carried out with wet and dry
air showed that while the oxidation products are the same for both fine-
and coarse-grained CroAIC, the fine-grained MAX phase oxidizes faster
[12].

Microstructural design of bulk materials, including MAX phases, is
often achieved by using different processing methods such as HIP and
SPS, and by tuning the processing parameters such as heating rate and
dwell time, to name a few. Herein, we explore a different method to
design CrAlC microstructures based on the nature and size of the
starting powder precursors. We discuss the phase formation and grain
size of CrpAlC samples obtained by either sintering of MAX phase
powders or by reactive sintering of elemental powders. The different
microstructures are then evaluated with respect to their oxidation
behavior in order to deduce whether fine-grained microstructures
behave differently than coarse-grained ones. We also discuss the effects
of chemical composition and secondary phases, which are different
based on the processing route, on the oxidation resistance of the MAX
phase.

2. Methods

Three different synthesis routes were selected to produce dense
Cr,AlIC with different microstructures. Solid State Reaction (SSR) and
Molten Salt Shielded Synthesis (MS3) are two-step processes where the
powders are synthesized first, followed by a sintering process. The third
synthesis route, Reactive Sintering (RS), allows for the production of
dense CryAlC in just a single step, as the synthesis and sintering take
place simultaneously.

2.1. Solid state reaction

SSR is extensively used to synthesize MAX phases due to the high
purity of the resulting powders. The detailed information on the process
can be found elsewhere [19]. Cr (dsg = 28.0 um, 99.0%, Alfa Aesar), Al
(dsp = 9.1 um, 99.5%, Alfa Aesar) and graphite (dsg = 6.9 um, 99.0%,
Alfa Aesar) powders were mixed in a molar ratio of 2:1.1:0.97, respec-
tively. An excess of 10 at% in Al was added to compensate for Al loss
during heating. The mixture was compacted and heated up to 1350 °C in
Ar atmosphere for 3 h. The heating and cooling rates were 10 °C/min.
The resulting CroAlC porous sample was ground using planetary milling
at 250 RPM for 2 h using zirconia balls of 5 mm in diameter, in ethanol.
After drying, the powder was passed through a 63 pm sieve.

2.2. Molten salt shielded synthesis

The MS3 method was developed recently to produce non-oxide ce-
ramics, such as MAX phases, in air at relatively low temperatures [20].
Cr (dsp = 28.0 um, 99.0%, Alfa Aesar), Al (—325 mesh, 99.5%, Alfa
Aesar) and graphite (APS 7-11 um, 99.0%, Alfa Aesar) were mixed in a
2:1.25:0.9 molar ratio, respectively. KBr salt (99.0%, Alfa Aesar) was
mixed with the starting precursors in a 1:1 weight ratio. The raw ma-
terials were mixed in ethanol using zirconia balls of 5 ym in diameter, in
a 3D shaker/mixer (Manufacturer: Turbula) for 24 h. The mixture was
then dried in a rotary evaporator at 70 °C, followed by sieving through a
300 um sieve. The dried mixture was compacted into 20 mm-diameter
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pellets at 200 MPa with a uniaxial hand press. The pellets were placed in
a cylindrical alumina crucible, which was subsequently filled with KBr.
The alumina crucibles were introduced in a high-temperature furnace
and heated in air at a rate of 5 °C/min, up to 1150 °C and kept there for
3 h. After cooling, the crucible was washed with hot water to remove the
KBr. Vacuum filtration of the MAX phase powder was carried out with
boiling deionized water and ethanol to further reduce the salt content.
Finally, the powder was dried at 70 °C and passed through a 25 ym sieve.

Once the SSR and MS3 powders were synthesized, the next step was
the densification using, in this case, a Field Assisted Sintering Technol-
ogy/Spark Plasma Sintering (FAST/SPS, FCT-HPD5, FCT Systeme
GmbH, Germany). 10.5 g of powders were poured into a 30 mm inner
diameter graphite tool, which was covered with a graphite felt to reduce
heat loss. The thermal cycle was carried out under vacuum (~4 mbar).
The maximal temperature of 1200 °C was reached with a heating rate of
100 K-min~* and was kept for a dwell time of 10 min while applying a
uniaxial pressure of 50 MPa. The temperature was controlled using a
pyrometer that was focused on the surface of a drilled punch at only
5 mm from the powder. After the densification process, the sample
surfaces were ground and polished to eliminate the remaining graphite.

2.3. Reactive sintering

Elemental powders were also used to produce Cr,AlC pellets in one
step. Similar to the SSR powder preparation, Cr (dso = 28.0 um, 99.0%,
Alfa Aesar), Al (dsgp = 9.1 pm, 99.5%, Alfa Aesar) and carbon-source
powders were mixed together in a molar ratio in Cr, Al, and C of
2:1.02:0.97, respectively. The carbon sources used were graphite (dso =
6.9 um, 99.0%, Alfa Aesar), carbon black (nanoscale powder-
agglomerate dsg = 8.17 um, >99.9%, Alfa Aesar), and Cr3Cs (dsp= 6.0
um, 99.5%, Alfa Aesar) which are expected to have an effect on the grain
size of the sintered MAX phase. Indeed, carbon black has a substantially
smaller size than graphite, and Cr3C; is expected to lead to a coarser
microstructure than graphite. In the following sections, the samples
sintered with graphite, carbon black, and Cr3Cy powders will be referred
to as RS, RS.cb, and RS.Cr3Co, respectively.

The powder mixtures were placed in a graphite mold of 30 mm in
diameter, and the sintering program used involved heating up to 1200
°C with a heating rate of 20 °C/min, a hold time of 15 min, and 30 MPa
of pressure.

The final pellets obtained by the three different routes were polished
and cut into approx. 10x10 mm? specimens of approx. 2 mm in
thickness.

The chemical compositions of the sintered specimens were measured
in a JEOL JSM 6480 scanning electron microscope (SEM) equipped with
an EDAX Genesis 2000 energy dispersive x-ray spectroscopy detector
(EDX). Each measurement was carried out with an acceleration voltage
of 12 kV, and each spectrum was quantified based on a reference sample
that had previously been measured using elastic recoil detection analysis
(ERDA).

X-ray powder diffraction (XRD) experiments were performed on a
PANalytical X’PertPRO diffractometer with Cu K,; radiation (A=1.5406
A) in Bragg-Brentano geometry. Data collection was carried out in the
scattering angle range of 5-150° with a 0.0167° step size. The exposure
time was adjusted for each sample in order to obtain a good signal to
noise ratio. Rietveld refinements were performed with the FullProf
software [21]. The unit-cell parameters as well as the scale factors for
the CrAlC and secondary phases were refined, while the atomic posi-
tions of the secondary phases were not. Finally, the peaks’ profile was
fitted using a Thompson-Cox-Hastings Pseudo-Voigt function.

The grain size distributions and orientations of the samples were
investigated using Electron Backscattered Diffraction (EBSD) in a Helios
NanoLab G3 CX DualBeam SEM equipped with a FEG ELSTAR electronic
column and an EDAX TEAM Pegasus microanalysis set including a
HIKARI Super EBSD camera. Prior to the measurements, the samples
were first polished with silicon carbide discs, then diamond suspensions
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Starting powders, sintering parameters, and relative densities of the samples produced.

Sample ID Precursors Sintering Temperature (°C) Pressure (MPa) Heating Rate (°C/min) Hold Time (min) Relative Density (%)
SSR Cr,AIC (SSR) 1200 50 100 10 98.3
ms? Cr,AlC (MS3) 1200 50 100 10 96.5
RS Cr+Al+C" 1200 30 20 15 99.2
RS.cb Cr+Al+cb” 1200 30 20 15 99.9
RS.Cr3Cy Cr+Al+Cr3Cy 1200 30 20 15 99.9
2 C: graphite.
b ¢b: carbon black
(b)

= o-AlLO, Cr,AlIC

ARS.Cr,C,

~RS.cb
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Fig. 1. (a) XRD patterns of as-sintered Cr,AlC samples. (b) Magnification of the 35-45° 20 region. PDF cards: AlCr, — ICSD 57651, a-Al,O3 — ICDD: 00-046-1212,

Cr2AIC — ICSD: 1252614, Cr;C3 — ICDD: 00-036-1482.

on felt disc before being chemo-mechanically polished with a colloidal
alumina suspension. The orientation maps were acquired using the
Pattern Region of Interest Analysis System (PRIAS) software (EDAX
TEAM version 4.5.0.0.), and the microstructure analysis and Inverse
Pole Figure maps plotted with OIM Analysis software (version 7.3.0.3.).

The oxidation was monitored by differential scanning calorimetry
(DSC, Netzsch Jupiter® STA 449 C). A small 5x5 mm? MS3 specimen
was prepared from cutting a larger specimen. The DSC measurement
was performed in air in continuous heating mode. The sample was pre-
heated to 150 °C to allow for degassing and was then heated to 1100 °C
with a heating rate of 20 K/min.

Additional oxidation experiments were carried out on specimens of
10 x 10 x 2 mm?, in an open furnace. The oxidation temperature was set
to 1100 °C, and the samples were inserted into the furnace at once. Once
the samples had reached 1100 °C, the timer was set for 60 and 120 min.
The samples were removed from the furnace gradually and allowed to
cool down naturally.

The phase identification post-oxidation was carried out using a
Siemens D5000 system with Cu radiation, in Bragg-Brentano configu-
ration, using Cu Ky; radiation (A=1.5406 A) in the range of 5-70°, with a
step size of 0.05°.

Finally, thin lamellae were extracted from the oxidized samples
using a focused ion beam (FEI Helios Nanolab 660) equipped with a
scanning transmission electron microscopy detector (STEM III). Imaging
was carried out in high-angle annular dark field (HAADF) and bright
field (BF). Cross-section EDX line scans were carried out using an EDAX
system with an Octane Elect detector using an acceleration voltage of
12 kV, a current of 1.6 nA and a step size of 50 nm.

3. Results and discussion
Table 1 gathers the sintering parameters of each processing route and

the resulting relative densities of the samples produced. The heating rate
was decreased from 100 to 20 K/min for the reactively sintered samples
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Table 2

Secondary phase contents extracted from Rietveld refinements.
Sample  Cr,AlC Cr,Cs Al,03 AlCr, Bragg R- %2

(wt%) (wt%) (wt%) (Wt%) factor
SSR ~90 <3 <3 <3 16.03 2.14
ms? 86.2 ~1 12.8 7.79 1.38
RS 93.7 7.3 - 9.022 1.36
RS.cb 81.9 111 7 7.196 1.29
RS. 84.5 11.6 3.9 11.16 1.46
Cr3Cy

to allow for the reaction to be completed. While all samples were dense
(> 96 %), the highest values correspond to the reactively sintered
samples. We explain these small differences by the possible presence of a
native oxide scale surrounding the SSR and MS3 Cr2AIC powders, which
were prepared prior to sintering/consolidation. Furthermore, the
irregular shapes of the synthesized MAX phase powders could also be
responsible for lower green density and presence of larger pores.

The XRD patterns of the as-sintered CrpAlC samples are provided in
Fig. 1. All samples exhibit MAX phase peaks which are indicated by the
yellow lines. The SSR sample was measured in as-sintered form but also
after grinding the specimen down to a powder in order to remove any
potential texture effects caused by the very intense 002 peak at ~13°. In
fact, such texturing can be expected considering that the powders are
anisotropic and can be aligned during sintering. The secondary phases
identified were Aly03, Cr;Cs, and AlCry, which are shown by the blue,
red, and green lines, respectively. Based on Rietveld refinements, the
most common secondary phase was Cr;Cs, which is a common second-
ary phase found in sintered CrAIC. In addition to the carbide phase, the
SSR, RS.cb, and RS.Cr3C; samples also exhibited peaks corresponding to
AlCr,, while MS3 and SSR also showed the presence of AlyO3.

Rietveld refinements were carried out to identify the secondary
phases formed in each sample and extract their fractions, which are
given in Table 2. Secondary phases could only be identified in the
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Table 3

Chemical compositions of sintered Cr,AlC samples obtained by ERDA-corrected

EDX.
SampleID  Cat% 0 at% Al at% Cr at% Cr/Al ratio
SSR 18.4 £ 0.6 0.9+0.1 25.5+ 0.2 55.2 £+ 0.6 2.16/1.00
ms? 240 £1.8 0.7 £0.1 28.1 +£0.8 47.3 £ 1.0 1.69/1.00
RS 23.5+0.5 0.6 +£0.1 244+1.1 51.6 £ 0.5 2.11/1.00
RS.cb 249+14 0.6 £ 0.1 27.2+ 0.5 47.2+ 1.0 1.73/1.00
RS.Cr3Cy 23.1+0.4 0.4 +£0.1 25.3+0.2 51.2+0.3 2.02/1.00

ground SSR sample shown in Fig. 1. However, the exact phase fractions
could not be extracted because of low intensities. Therefore, we suggest
that the overall secondary phases amount to less than 3 wt% for each
phase independently. The reactively sintered samples contained be-
tween 7.3 and 11.6 wt% of Cr;Cg, while the RS.cb and RS.Cr3C; samples
also showed up to 7 wt% of AlCry, indicating that the reaction was not
completed during sintering. The MS3 sample contained traces of Cr;Cs
(~1 wt%), and nearly 13 wt% of Al,O3. The presence of Al,Oj is directly
linked to the MS3 process, which takes place in ambient air. Overall, the
most secondary phases were detected in the RS.cb sample, which were
mostly due to an incomplete reaction.

The chemical compositions of the sintered CryAlC samples, measured
against an ERDA standard are provided in Table 3. All samples possess a
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stoichiometry close to the 2:1:1 expected for the CrpAlC MAX phase,
although some deviations can be observed. For example, the SSR sample
is particularly carbon-deficient. Furthermore, the Cr to Al ratios are also
fairly different within the sample set. In fact, the most stoichiometric
sample is RS.Cr3Cp, while RS.cb and MS3 samples are slightly over-
stoichiometric in Al, and the SSR and RS samples are slightly over-
stoichiometric in Cr. These differences might play an important role in
the oxidation behavior of the samples.

The microstructure and, therefore, grain size distributions resulting
from sintering the different precursors were investigated using EBSD,
and the corresponding maps are provided in Fig. 2. While the 002 peak
observed for the bulk SSR sample in Fig. 1 hinted at a certain degree of
texture, the EBSD map in Fig. 2(a) shows that there is no preferential
orientation at this observation scale. Each precursor led to different
grain size distributions, with the most coarse-grained sample being the
RS.Cr3Cg sample, with an average grain size of approx. 9 pm. The SSR
sample averaged at approx. 5 pm, followed by the MS3 and RS samples
at approx. 4 and 3 pm, respectively. Finally, as expected, the most fine-
grained sample was the RS.cb sample (approx. 2 pm). Sub-micron grains
can be seen in the MS3 and RS.cb maps in Fig. 2(b) and (d), indicating
that there are at least two grain size populations in these samples. This
can be expected for both the MS3 and RS.cb samples for two separate
reasons. In the case of MS3, the powder synthesis is driven by

Average: 3.8 + 0.3 um
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Fig. 2. EBSD maps of Cr,AlC samples processed with different starting powders and corresponding grain size distributions.
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Fig. 3. (a) XRD patterns of Cr,AlC samples after 60 min oxidation at 1100 °C, in air. (b) magnification of the 24-36° 26 range with a-Al,03 indices (MS3 was
excluded because of its poor oxidation performance). PDF cards: Cr,AlC — 00-029-0017, a-Al,O3 — 00-046-1212, Cr,C3 — 00-036-1482.

dissolution-precipitation and hence nucleation can occur spontaneously
leading to the formation of smaller grains [20,22]. In the case of RS.cb,
Cr and Al have higher diffusivities than carbon, therefore, the carbon
powders will act as nucleation sites for metal species to diffuse to.
Considering the nanometric size of carbon black, smaller grain sizes are
also expected for this sample. Furthermore, the short duration of the SPS
processes (10 min for MS3 and 15 min for RS.cb) allowed limiting, and
even inhibiting, grain growth which led to microstructures that have not
fully evolved. In contrast, the larger grain sizes obtained in the case of
RS.Cr3C, are most likely due to the large Cr3Cy powder grains, which
acted as carbon sources.

The samples were then oxidized at 1100 °C, in air for 60 min. The
XRD patterns of the oxidized samples are shown in Fig. 3. The MAX
phase peaks can be observed in all XRD patterns except that of the MS3
sample. In fact, based on the pattern shown herein, the MAX phase has
either been fully consumed and transformed into the oxide scale (Al203)
and carbides, or the scale formed is thick enough that the underlying
MAX phase is not detected by XRD. The remaining samples exhibited
peaks corresponding to AlpO3 and Cr;Cs which are usual oxidation
products formed during high temperature oxidation of CroAlC. Indeed,
the Al from the MAX phase tends to diffuse outward, react with the
oxygen from the atmosphere, and form an oxide scale [7,23]. The
Al-depleted regions then tend to decompose, allowing for the formation
of Cr-carbides, in this instance Cr;Cs. Fig. 3(b) shows XRD data from the
24-36° 20 range for which a-Al,O3 peaks are identified. One can notice
the asymmetric shape of the peaks but also the presence of what appears
to be a second peak at approx. 34.7° for the SSR, RS.cb, RS.Cr3C, sam-
ples. While it is less obvious in the case of the SSR sample, another
contribution can also be seen at approx. 25.3°. The emergence of these
peaks could indicate the presence of an isostructural (Al,Cr);0O3 solid
solution, which can be expected considering that the Cr of the MAX
phase and of the secondary phases oxidizes as well.

The behavior of the MS3 sample during oxidation was further
investigated in order to detect the temperature at which the sample
experiences weight gain, i.e. the formation of a scale. The first DSC signal
of the MS3 sample oxidized up to 1100 °C, in air at a heating rate of 20
°C/min is shown in Fig. 4, and allows identifying potential reactions that
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Fig. 4. DSC signal of the MS3 sample oxidized up to 1100 °C with a heating
rate of 20 °C/min, in air.

occurred during oxidation. The MS3 sample exhibited an endothermic
peak at ~728 °C (blue arrow) which could correspond to the melting of
KBr (734 °C), the salt used during synthesis. Therefore, one may assume
that leftover salt was still present in the sample, which was evacuated
simultaneously as the oxidation was progressing, suggesting that the salt
played a role in the poor oxidation resistance of the MS3 sample. An
exothermic peak starting at approx. 900 °C (red arrow) is observed,
which we attribute to the beginning of oxidation, which is about 100 °C
higher than the onset of oxidation reported by Lin et al. [23] but in good
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1100 °C, 60 min

SSR

RS.Cr;C,

1100 °C, 120 min

RS

Fig. 5. Surface morphologies of CroAlC samples oxidized at 1100 °C for (a)-(e) 60 min, and (f)-(j) 120 min.

agreement with observations made by Sharma and Pandey [13].

SEM micrographs of the top surfaces of the oxide scales formed on
the CrAlC samples oxidized at 1100 °C for 60 and 120 min, in air are
shown in Fig. 5. The grain size of the oxide scales increases with
increasing oxidation time. All oxide scale appearances, except that of the
MS3 sample, are fairly similar, composed of somewhat elongated grains
that are randomly oriented. The main differences between these oxide
scales seems to be the roughness and presence of open porosities, as can
be seen in Fig. 5 (c). The oxide scale of the MS3 sample seems to be
mostly composed of sheet-like features (Fig. 5 (b) and (g)) which may
suggest the formation of 6-Al,Og3 prior to that of a-Al,03 [24,25]. In fact,
the rapid oxidation caused by the presence of leftover KBr in the MS3
sample could be responsible for the formation of the metastable 6-Al,03.

Fig. 6 gathers the SEM cross-section micrographs of all samples after
60 min oxidation at 1100 °C, in air, and the HAADF STEM micrographs
of samples oxidized for 120 min. Starting with 60 min oxidation time,
the oxide scale of the SSR sample has a duplex-like structure (labeled
with ox.1/0x.2). The top layer (ox.1) appeared to have more Cr than the
bottom layer (ox.2), suggesting the formation of a (Cr,Al)203 mixed
oxide (Fig. 6(a)). Adjacent to the scale, a thick Cr-carbide layer can be
seen. The active consumption of the MS3 sample was confirmed, as no
MAX phase was detected in the observed area (Fig. 6(b)). Instead, an
inhomogeneous Al;O3 scale of varying thickness was detected on top of
a highly porous Cr;Cs zone. The inhomogeneity of the scale leads to poor
protection, which further enhances the oxidation of the MAX phase and
its decomposition into carbides. The RS sample exhibits a continuous
Al,03 layer followed by discontinuous Cr-carbide-rich zones (Fig. 5(c)).
Such observations would suggest that Al diffuses out of certain grains
rather than others, which is most probably related to their orientation.
No Cr-carbide was detected at the vicinity of the oxide scale in the RS.cb
sample, as can be seen in Fig. 6(d) which we attributed to the excess Al

4900

present in the as-sintered material (27.3 at%). Furthermore, the oxide
scale exhibited a duplex structure similar to that of the SSR sample. Here
as well, the top layer contained a certain amount of Cr, suggesting that
the Cr available at the surface has oxidized at the same time as the Al.
Finally, the RS.Cr3C; sample also shows the formation of a duplex oxide
scale, as can be seen in Fig. 6(e), in which the top oxide scale, contained
more Cr than the bottom one, and appeared faceted and denser, while
underneath the oxide, a thick Cr-carbide layer was observed.

The cross-section STEM micrograph of the MS3 sample, oxidized for
120 min (Fig. 6(g)), suggests that the MAX phase has fully decomposed,
as EDX analyses confirmed the presence of a significant amount of AloO3
at the surface and Cr-carbides. The remaining samples (Fig. 6(f), (h), (i),
(j)) show the presence of an oxide scale, a Cr-carbide sublayer, and the
remaining MAX phase. Even after longer oxidation, the SSR, RS.cb and
RS.Cr3Cy exhibited duplex oxide scales, while the RS sample’s oxide
scale was homogeneous throughout and was accompanied by discon-
tinuous Cr;C3 zones, similar to what was observed in Fig. 6. After
120 min oxidation, the RS.cb sample also exhibited thin Cr-carbide re-
gions below the oxide scale, suggesting that the excess Al has been
consumed and that Al has also diffused out of the MAX phase at the
vicinity of the oxide scale.

Based on thermodynamic calculations reported in [12,18], the
Cr-containing oxide scale likely forms because of the combination of
elevated temperatures and the air mole fraction. The Cr,O3 formation is
expected to be driven by the decomposition of Cr;C3 and therefore
should be located at the interface between the oxide scale and the un-
derlying material, as observed after 1000 h of oxidation of CrAlC at
1000 °C [12]. However, this was not observed herein, most probably
due to the short oxidation times used. Indeed, the CryOs-containing
oxide was found at the top of the oxide scale rather than at the interface
with the Cr,AlIC. These observations suggest that the MAX phase and the
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1100 °C, 60 min

SSR MS3

RS

RS.Cr;C,

1100 °C, 120 min

Fig. 6. (a)-(e) SEM cross-section micrographs (secondary electrons) of the Cr,AlC samples oxidized at 1100 °C, for 60 min, and (f)-(j) HAADF STEM micrographs of

thin lamellae extracted from Cr,AlC samples oxidized at 1100 °C for 120 min.

Cr-containing impurities, Cr;C3 and AlCry previously identified by
Rietveld refinement, oxidize in similar time frames. In fact, it would
appear that the secondary phases present may have a determinant role
on the oxidation behavior of Cr,AlC. Indeed, duplex oxide scales seem to
have formed when AlCr; was identified in the as-sintered MAX phase. In
fact, AlCr; is a metastable phase that tends to decompose into Al3Cr and
Cr [26]. In presence of an oxidizing environment, one may expect these
intermetallics to oxidize into mixed (Cr,Al);03 oxides. Furthermore, the
presence of Cr;Cs could also explain the presence of Cr in the oxide
scale, as Cr-carbides present at the surface would oxidize as well.

The duplex oxide scales were observed in bright field STEM mode, as
shown in Fig. 7. It can clearly be seen that the top oxide scales were
much denser than the bottom ones in which pores were visible, partic-
ularly in the case of the SSR and RS.cb samples. The duplex structure was
not as clear for the RS.Cr3Cy sample, although it was confirmed by EDX
linescans (Fig. 7(d)), where Cr-enrichment was observed on the outer-
most surface. These Cr-enriched areas can also be seen on the EDX
linescans of the SSR and RS.cb samples. Furthermore, based on the
linescan of the RS.cb sample in Fig. 7(c) one may observe that the Al-
depleted zone below the oxide scale contains close to 10 at% Al which
is in contrast to observations made for the SSR sample, in which the Al
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content decreased to nearly O at%. This observation suggests an
increased diffusion of Al through the carbide/MAX phase region in the
case of the RS.cb sample. This observation is in good agreement with
observations made by Li et al in which they compared the oxidation
behavior of coarse and fine-grained CroAlC [17]. A CrpAl; _4C zone was
detected under the oxide scale in the case of the fine-grained sample,
whereas CryC3 was detected beneath the oxide scale of the
coarse-grained sample.

The RS sample exhibited a chemically homogeneous Al,O3 scale,
made up of quasi-equiaxed grains, which seemed to have poor adhesion
with the underlying MAX phase. Furthermore, one may notice the lack
of a continuous Cr-carbide layer below the oxide scale but the presence
of spherical and/or elongated carbide zones. As the SSR and RS samples
have similar Cr:Al ratios (Table 3), one might expect similar oxide scale
formation. However, that is not the case as the RS sample led to the
formation of a homogeneous Al;O3 scale instead of the duplex scale
observed on the SSR sample. Hence, this discrepancy could be due to the
grain size difference between the two samples. In fact, although the
average grain sizes extracted were 4.7 pm for the SSR and 3.0 pm for the
RS sample, the RS sample contains a larger fraction of smaller (< 1 pm)
grains, which could contribute to an increased number of diffusion paths
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Fig. 7. Bright field STEM images of the cross-sections of the Cr,AlC samples after 120 min oxidation at 1100 °C, in air, accompanied by EDX linescans.
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Table 4
Oxide scale thicknesses of the Cr,AlC samples after 60- and 120-min oxidation at
1100 °C, in air, measured from SEM cross-section micrographs.

Sample Top oxide scale Bottom oxide scale Cr-carbide
(nm) (nm) (nm)

SSR - 60 min 246 + 43 318 +£ 75 545 + 213

SSR - 120 min 219 + 24 389 + 88 595 + 213

MS3 - 60 min 1232 + 408 -

MS3 - 120 min -

RS - 60 min 754 + 150 469 + 188

RS - 120 min 1028 + 227 599 + 283"

RS.cb - 60 min 273 + 57 290 + 81 -

RS.cb - 120 min 217 + 49 491 £+ 90 468 + 151

RS.Cr3Cs — 295 + 78 454 + 131 583 + 279
60 min

RS.Cr3C, — Combined 772 + 157 454 + 172
120 min

# discontinuous Cr-carbide zones instead of continuous layer

for Al species.

The oxide scale thicknesses measured on the samples oxidized for 60
and 120 min are summarized in Table 4. The thickest oxide scale was
detected on the MS3 sample oxidized for 60 min. The sample was
excluded from the discussion for longer oxidation times because of its
decomposition upon oxidation. The RS.Cr3C, sample exhibited the
thickest duplex oxide scale combined with an approx. 600 nm-thick
carbide layer after 60 min, indicating that the protectiveness of the top
oxide scale was not sufficient to hinder the inward 0% diffusion and the
consumption of Al diffusing from the volume of the sample. Both SSR
and RS.cb samples exhibited similar duplex oxide scale thicknesses.
However, the SSR sample exhibited an approx. 550 nm-thick carbide
layer, whereas the RS.cb sample did not, suggesting that the Al is not
diffusing in the same way. In fact, the absence of Cr-carbide scale in the
case of the RS.cb sample can be threefold. First, the Al content was
higher in the RS.cb sample, suggesting that mobile Al is able to diffuse
and oxidize at the surface without decomposing the MAX phase into
carbides. Second, based on the average grain size reported in Fig. 2, the
RS.cb sample contains more grain boundaries, which serve as diffusion
paths for both 0% and A1** species. The increased number of diffusion
paths can allow for Al from the volume of the sample to diffuse to the Al-
depleted zones below the oxide scale, while in the case of SSR, the Al
from the volume can only take longer diffusion paths. Third, the sub-
micron grains, being highly energetic because of their small size, can
provoke microstructural evolution by growth and/or coalescence of
grains during the oxidation process. Therefore, three causes that enabled
Al replenishment close to the oxide/MAX phase interface were identi-
fied: (i) the presence of free Al (in the form of AlCr; or metallic Al), (ii)
grain boundary diffusion, and (iii) grain growth/coalescence.

As expected, the oxide scale thicknesses increased with increasing
oxidation time, from 60 to 120 min. While the oxide scale of the SSR
sample was the thinnest (approx. 608 nm, combined), the carbide layer
itself was thicker (approx. 595 nm) than those of the RS.Cr3C; (approx.
454 nm) and RS.cb (approx. 468 nm) samples. The oxide scale of the RS
sample was thicker than the other samples (approx. 1028 nm), but the
lack of a continuous Cr-carbide layer suggests that oxygen does not
diffuse through the scale with much ease. This is supported by the
relatively dense microstructure of the oxide scale seen in Fig. 7(b),
despite its poor adhesion at the oxide/MAX phase interface. The thick-
nesses of the top oxide scales don’t seem to increase significantly be-
tween 60 and 120 min, as seen from the values reported in Table 4.
However, the bottom oxide scale of the RS.cb sample has almost
doubled, and Cr-carbide was observed. This suggests that Al from the
MAX phase has started diffusing, leading to the decomposition of the
MAX phase into carbides. Furthermore, the increased thickness of the
RS.cb bottom oxide scale compared to that of the SSR sample also sug-
gests enhanced Al diffusion from the volume of the RS.cb sample. As for
the RS.Cr3Cy sample, it was difficult to differentiate the top from the
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bottom oxide scale. However, based on the EDX linescan in Fig. 7, the
presence of Cr on the outermost surface confirms that the oxide scale is
still duplex-like after 120 min of oxidation.

4. Conclusions

In this work we investigated the effect of different processing routes
and precursors on the formation of CroAlC MAX phase using FAST/SPS.
We show that highly dense CryAlC samples can be produced using pre-
made CrpAlC utilizing the SSR and MS3 processes. We also show that
microstructural design of reactively sintered CrpAlC samples by varying
the carbon source (graphite vs. carbon black vs. Cr3Cy) is possible.
Indeed, the smallest grain sizes were obtained for the RS.cb sample in
which the carbon source was nanometric. As the carbon source
increased in grain size, the average grain size of the MAX phase
increased as well.

We further investigated the oxidation behavior of the produced
Cr,AlC specimens at 1100 °C for 60 and 120 min, in air. MS3 did not
sustain the oxidation treatment because of leftover KBr used during the
synthesis process and the growth of a non-protective Al,O3 scale, which
accelerated the oxidation, as supported by DSC, XRD, and microstruc-
tural observations. The RS sample was the only sample exhibiting the
formation of a quasi-pure Al,Og scale. This scale was not followed by a
homogeneous Cr-carbide layer but rather by discontinuous Cr-carbide-
rich zones/grains, which could be linked to the preferential diffusion
paths for Al that relate to grain orientation. The remaining samples
exhibited duplex-like oxide scales, where the top layer contained up to
approx. 12 at% of Cr, making it a mixed (Cr,Al)203 oxide, which was
associated with the presence of Cr-containing secondary phases (Cr;Cs
and AlCry). The bottom layer appeared to be primarily Al-rich. The as-
sintered composition of the CrpAlC samples appear to play a role in
the formation of Cr-carbides below the oxide scale. In fact, based on
observations made on the RS.cb sample, three causes were identified
that may have contributed to the absence of a Cr-carbide layer after
60 min oxidation at 1100 °C. First, the as-sintered sample had excess Al
either as enriched CryAlC grains or in the form of AlCrs, second, its grain
size was the smallest, which led to numerous diffusion paths, and third,
the sample underwent microstructural evolution during oxidation,
which allowed the redistribution of Al in the MAX phase.
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