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ABSTRACT

Repetitive heating and cooling cycles inevitably cause crack damage of hot gas components of gas turbine
engines, such as blades and vanes. In this study the self-healing capacity is investigated of mullite + ytter-
bium monosilicate (Yb,SiOs) as EBC material with Ti,AIC MAX phase particles embedded as a crack-
healing agent. The effect of Ti,AlC in the EBC was compared with the self-healing ability of the mul-
lite + Yb,SiOs material. After introducing cracks by Vickers indentation on the surface of each sample,
crack healing was realized by controlling the temperature and time during the post-heat-treatment process.
For the mullite + Yb,SiOs composite with Ti,AlC particles, crack healing occurred at 1000 °C, while in the
case of the mullite + Yb,SiOs composite without Ti,AlC, a sustained temperature of 1300 °C or higher was
required. Compared with the healing of the mullite + Yb,SiOs composite by the formation of a eutectic
phase, the addition of TiAlC promoted healing via the oxidation of Ti and Al. Notably, the surface formation
of a ternary oxide of Ti-Yb-O was confirmed, which completely covered the damage area. Consequently,
the addition of a Ti;AlIC MAX phase to the EBC composite resulted in a complete strength recovery, while
the mullite + Yb,SiOs composite without Ti>AlC showed a strength recovery of about 80%. Furthermore,
by analyzing the indentation load—displacement curve to indicate the role of Ti,AlC, the addition of Ti,AlC
improved both the hardness and stiffness of the composite.

1. Introduction

Ceramic thermal barrier coatings (TBC) have been developed and
applied to offer thermal protection and enhance the operation effi-
ciency of gas turbine systems for power and propulsion generation in
aerospace industries [1-5]. More recently, to meet the demand for in-
creasing the gas turbine operation temperature, attempts have been
made to replace heat-resistant alloys in hot gas components with those
prepared from all-ceramic composites [6]. One of the most promising
materials is silicon carbide (SiC) composite reinforced with SiC fibers.
These SiC-SiC composites have excellent heat-resistant and mechanical
properties and remain robust even at operating temperatures above
those at which heat-resistant alloys can be used [7].

However, a disadvantage of SiC-SiC composites is that at high tem-
peratures, mass reduction occurs during reaction with water vapor as a
consequence of combustion. In a high temperature combustion envi-
ronment, reaction between SiC and water vapor results in volatile
Si(OH),4, leading to a high mass recession rate [8]. The SiC-SiC compos-
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ite can be protected by applying an environmental barrier coating
(EBC) on the surface to mitigate the problem of mass loss due to such
high-temperature corrosion [6,9-15]. Oxides such as mullite and ZrO,
have been studied [16-18] as potential EBC topcoat material, while
more recently, rare-earth-based oxides have received a lot of attention
[12,13,15,19-23]. As a representative material, Ytterbium (Yb)-based
silicate oxide is believed to possess excellent durability under high-
temperature water vapor conditions.

When a TBC or EBC is applied to the hot gas parts of turbine compo-
nents, an environment is encountered that is repeatedly exposed to a
thermal shock condition due to the cooling from a high operating tem-
perature to room temperature. As the coating material is adhered to the
substrate, it is subjected to thermal stress, i.e., during the heat change
process, thermal expansion and contraction remain in a constrained
state. When the thermal stress is greater than the stress that the mater-
ial can withstand, cracks inevitably occur in the relatively brittle coat-
ing material due to the difference in coefficient of thermal expansion
between the coating and substrate. For example, vertical cracks in the
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Table 1
Basic characteristics of the materials before and after crack healing.
Material Density Hardness?® (kgf/mm2) Relative
(g/cm3) elasticm odulus®
Before After Before After
Mullite 2.23 552 + 165 - 100% -

Mullite + Yb2SiO5 2.80
Mullite + Yb2SiO5 4.09
+Ti2AlIC

1285 = 242 931 * 27¢ 141%
1520 * 118 1077 + 225¢ 161%

149%¢
151%4

a Data from Vickers indentation.

b Data from spherical indentation (see Fig. 10).
¢ After 1500 °C, 2hr, 1cycle.

d After 1000 °C, 2hr, lcycle.

TBC topcoat and mud cracks in the EBC topcoat have both been re-
ported [24-27]; analysis revealed that these cracks occurred after ex-
posure to high temperatures. Vertical cracks are relatively stable; how-
ever, when the cracks grow along the interface layer between the coat-
ing and sublayer, interfacial delamination occurs, resulting in the even-
tual delamination of the coating layer and the loss of protection to the
underlying material [28]. Therefore, turbine engines for power genera-
tion and propulsion in are regularly inspected for cracks and subse-
quently any damage is repaired.

The self-healing ability of a material to repair these cracks at high
operating temperatures of a turbine engine is being studied [4,5,29].
Self-healing technology can significantly contribute to the improve-
ment of the durability of turbine parts since any cracks formed in the
coating layer are self-healed during heating to operating temperatures,
even if they occur due to the difference in the thermal expansion coeffi-
cient during cooling. Implementation of self-healing technology,
wherein cracks are self-healed at the operating temperature of a tur-

e

Fig. 1. Vickers indentation to create radial cracks in the ceramic composite
samples.
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bine, mitigate the crack damage and thereby extent the lifetime of criti-
cal hot gas components.

Three types of crack-healing methods are related presently to ce-
ramics, viz.: sintering, formation of liquid phase and oxidation of sacri-
ficial embedded particles. In the first type of crack healing, sintering oc-
curs of isolated crack-like pores [30]. In the second type of crack heal-
ing, the material's second phase (usually liquid phase at high tempera-
ture) fills the cracks and heals the damage [31]. In the third type of
crack healing, oxides are formed by the oxidation of sacrificial particles
or matrix material, i.e., either intrinsic or extrinsic, which expand into
the cracks and heal the damage [32-34].

The previous studies have reported that SiC oxidizes to viscous SiOy
at high temperatures, and the viscous phases fill and heal the cracks
[31,35,36]. Recently, we reported a phenomenon in which a molten
phase is formed by a eutectic reaction, and the cracks are healed when
repeated thermal shock is applied to 5000 cycles at a temperature of
1350 °C in a mullite + Yb,SiOs composite [37]. For high-temperature
applications, studies into crack healing using MAX phase ceramics have
also attracted attention [34,38,39]. These ceramics has demonstrated
the ability to autonomously and intrinsically heal cracks by oxidation
at high temperatures. The MAX phase is a ternary compound repre-
sented by M;,;1AX,, where n = 1-3, M is a transition metal, A is A
group element (mostly IIIA and IVA such as aluminum (Al) or silicon
(Si)), and X is carbon (C) or nitrogen (N). This material is confirmed to
be stable up to 1500 °C and has excellent thermal shock resistance [39].
As it possesses a layered ternary structure, its damage tolerance is out-
standing and it is machinable [38,39]. Upon exposure of the MAX
phases, such as Ti>AlC or TizAlC,, to high temperatures in an oxidizing
environment, preferentially A element oxide is formed which also ex-
hibit a much faster diffusion rate than the M element. Due to volume
expansion this oxide is filling the crack gaps and restore the component
integrity [34,40-44].

Although cracks in SiC can be healed by the oxidation of SiC at high
temperatures above a specific threshold, high-temperature corrosion is
easily caused by the newly formed SiO5 [9]. Crack healing has been re-
ported in both mullite- and Yb-based EBC, but it is believed that heal-
ing occurs only after sustained exposure to extremely high tempera-
tures of 1350 °C [37]. Hence, it is more attractive to investigate extrin-
sic crack healing induced by oxidation. In this study, self-healing of a
mullite + Yb,SiOs composite with embedded MAX phase particles is
investigated. To this end, the flexural strength characteristics as well as
the mechanical behavior, as obtained from indentation
load—displacement curve using a spherical indenter, were determined
before and after healing of cracks induced by Vickers indentation
[22,25,38,45].

2. Experimental procedures
2.1. Preparation of EBC materials and MAX phase

First, Yb,SiOs powder was synthesized to prepare the mul-
lite + Yb,SiOs composite. The starting powders of Yb,O3 (3 N, Ko-
jundo Chemical Laboratory Co., Ltd, Saitama, Japan) and SiO, (Ko-
jundo Chemical Laboratory Co., Ltd, Saitama, Japan) were mixed at a
molar ratio of 1:1. Then, the powders were dispersed in an isopropanol
in a polypropylene container and ball milled with zirconia balls for
24 h. After milling, the solvent of the powder was volatilized for 1-2
days, and after crushing the dried cake in a mortar, granulated powders
were prepared using a 60 pm sieve. Thereafter, the powders were heat
treated in air at 1400 °C for 20 h to synthesize the Yb,SiOs powder.

The prepared Yb,SiOs powder was mixed again with the mullite
powder (DURAMUL, 325F, Washington Mills, NY, USA). The weight
ratio of Yb,SiOs was controlled within the range of 10-50 wt% for the
entire batch. The same ball milling, drying, and sieving process was
used to prepare the mullite + Yb,SiOs mixed powder. The powder was
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Fig. 2. Micrographs of Vickers radial cracks (P = 1.96 N) in the mullite + Yb,SiOs composite: (a) crack area before and (b) after three cycles of heat treat-
ment in air at 1350 °C for 10 h; and (c) crack area before and (d) after heat treatment in air at 1500 °C for 2 h. Note that the radial cracks virtually disap-

peared due to healing.

=
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Fig. 3. Analysis results after crack healing at 1500 °C in the mullite + Yb,SiOs composite. The composite was analyzed by (a) SEM and (b)~(e) XMA. The
rectangular mark indicates the analysis area, and the dotted mark denotes the plastic damage caused by Vickers indentation.

pressed with a pressure of 50 MPa into a disc with a diameter of
25.4 mm or 30 mm width X 40 mm length using stainless mold
(HMM-04A, Hansung Systems Inc., Korea) before being pressed with a
cold isostatic press (SCIP-50/150, Samyang Ceratech. Co., Korea) at a
pressure of 200 MPa. Finally, pressureless sintering was performed in
air at 1500-1600 °C for 1-10 h with a heating rate of 5 °C/min.

For the MAX phase, titanium (Ti, 99%, 5 pm, US Research Nanoma-
terials Inc., USA), titanium carbide (TiC, 99.99%, 3 pm, Kojundo
Chemical Laboratory Co., Japan), and aluminum powders (Al, 99.5%,
3 pm, Kojundo Chemical, Japan) were used. The Ti, Al, and TiC pow-
ders were mixed at a molar ratio combination. Zirconia balls were
added in the same manner as in the Yb,SiOs powder process, and wet
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Fig. 4. Analysis of the mullite + Yb,SiOs composite with Ti,AlIC embedded particles. (a) Diffractogram of the white phase in the micrograph, and (b) mi-
crograph of the microstructure of the composite as observed with optical microscopy.
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Fig. 5. Relative densities of mullite + Yb,SiOs composite with and without
Ti,AlC embedded particles. Note the difference in diameter between the
mullite + Yb,SiOs with and without Ti,AIC embedded particles. Both
samples were prepared at the same sintering temperature.

ball milling was performed for 24 h using isopropanol as a lubricant.
After this process was complete, drying was performed at room temper-
ature before sieving through a 60 pm sieve. Ti;AlC powder was synthe-
sized by pressing and heat treating the sieved powder at 1350-1550 °C.
The synthesized Ti,AlC was pulverized with a tungsten carbide ball us-
ing a SPEX Mill (Taemyong Scientific Co. Ltd., Korea). Next, the pow-
ders were ball milled again using the same process as for the Yb,SiOs
powders, and wet ball milling was performed for 24 h using iso-
propanol. Then, the powders were sieved with a 60 pm sieve. Only the
powder that passed through the sieve were used as healing agent.

Finally, the MAX-phase-added mullite + Yb,SiOs composite for
crack healing was prepared. Firstly, the mixed mullite + Yb,SiOs pow-
der was prepared as described above and subsequently mixed with the
granulated Ti>AIC powder at a weight ratio of approximately 8:2 be-
fore being dispersed in isopropanol. Secondly, wet ball milling was per-
formed for 24 h using ZrO, balls in the same way as in the Ti,AlC
milling process. Then, the wet powders were dried at room temperature
for 1-2 days. Finally, the mixed composite powders were obtained via
sieving using a 60 pm sieve.

The TiAlC-added mullite + Yb,SiOs composites were uniaxially
pressed at a pressure of 50 MPa using a mold with a diameter of
25.4 mm or 30 mm width X 40 mm length (HMM -04A, Hansung Sys-
tems Inc., Korea). Additionally, cold isostatic pressing (with SCIP-

50/150, Samyang Ceratech. Co., Korea) was performed at a pressure of
200 MPa. Next, the pellets were sintered by heat treatment in air at
1400-1600 °C for 2 h with a heating rate of 5 °C/min.

2.2. Characterization

The densities of the mullite + Yb,SiOs and Ti,AlC-added mul-
lite + Yb,SiOs composites were measured adopting the Archimedes
principle (ASTM C20). After measuring the suspended, saturated, and
dried weights of each composite material, the apparent densities were
calculated. The relative density of each sample was obtained by calcu-
lating the apparent density divided by the theoretical density. In addi-
tion, the shrinkage ratios before and after heat treatment were calcu-
lated using the dimensional changes.

The as prepared composite materials were polished using diamond
paste (subsequently with 6, 3 and 1 pm grains) to observe their mi-
crostructures and to introduce cracks.

To introduce cracks into the samples, Vickers indentation was per-
formed by applying a load P of 1.96 and 9.8 N on the polished surface
using a hardness tester (HM-114, Mitutoyo, Japan). Vickers indenta-
tion was performed on the samples with and without healing treat-
ment.

To heal the cracks of the mullite + Yb,SiOs composite, a sample
with a diameter of 25.4 mm was placed in an electric furnace and that
was heated in air at a rate of 5 °C/min. The sample was maintained at
1350-1500 °C for 2-10 h, and this cycle was repeated between one and
three times. For the crack healing of the mullite + Yb,SiOs composite
with Ti,AlC healing particles, the sample was heated at the same rate
of 5 °C/min and maintained at 800-1000 °C for 1 h, and then cooled
down to room temperature.

The crystalline phases of the mullite + Yb,SiOs composites with
Ti,AlIC healing particles were analyzed using an X-ray diffractometer
(RINT-2500HF, Rigaku, Japan) operated with Cu Ka radiation gener-
ated at 45 kV.

The healed area and the crack were observed using optical mi-
croscopy (Olympus, Japan) and scanning electron microscopy (SEM,
JSM-6701F, JEOL, Japan). X-ray micro analysis (XMA) using Energy-
dispersive X-ray spectroscopy (EDS) was employed to determine the
chemical composition and the element distribution in the healed zones.
In addition, scanning electron microscopy combined with a xenon
plasma focused ion beam (Helios G4 PFIB UXe, Thermo Fisher Scien-
tific, USA) was performed to create cross-sections to obtain informa-
tion on the precipitation underneath the free surface.

The strength of each sample was measured before and after healing
by the 4-point flexural strength test using a universal testing machine
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Fig. 6. Optical micrographs of the mullite + Yb,SiOs composite with Ti,AlC embedded particles: (a) before crack healing and (b) after crack healing in air
at 1,000 °C for 2 h. Note that the radial cracks (P = 9.8 N) were healed by oxidation of embedded Ti,AlC particles.

Fig. 7. SEM micrographs of the mullite + Yb,SiOs composite with Ti,AlC
embedded particles healed in air at 1,000 °C for 2 h after removing sur-
face oxides by polishing. The dotted areas correspond to the radial crack
area, indicating the occurrence of crack healing.

(Model 5567, Instron Corp., Canton, MA, USA). The 4-point flexural
strength test jig has a lower span length of 30 mm and an upper span
length of 10 mm. To evaluate the strength recovery after crack healing,
the mullite + Yb,SiOs composite with and without Ti,AlC healing par-
ticles were machined to sample sizes of 35 mm X 4 mm X 3 mm. A di-
amond wheel was used to machine the upper and lower surfaces, and
the upper surface was sequentially polished with diamond pastes with
25, 16, 6, 3, and 1 pm grains, respectively. To prevent edge damage,
the edges were chamfered using a diamond wheel. Cracks were intro-

duced by Vickers indentation at the center of the samples applying a
load P of 9.8 N. To heal the radial cracks, post-heat treatment was con-
ducted at 1350-1500 °C in air for the mullite + Yb,SiOs composite and
at 1000 °C in air for the Ti,AlC-added mullite + Yb,SiOs composite
with Ti,AlC healing particles. Samples both with and without healing
particles were placed in the 4-point flexural strength test jig, which was
moved downward with a speed of 0.5 mm/min to apply tensile stress
on a non-cracked, cracked or healed part.

Furthermore, to infer the mechanical behavior of the composite ma-
terials, such as relative hardness and stiffness, the indentation
load-displacement curves as obtained during spherical indentation and
unloading using a tungsten carbide (WC) sphere with a radius of
r = 3.18 mm at a load of P = 0-500 N utilizing the same universal
testing instrument. The relative stiffness was analyzed based on the
tangential slope of the unloading curve, and the relative hardness was
determined by calculating the residual displacement after unloading
based on the values before the healing treatment [25,37].

Table 1 summarizes the materials prepared in this study, their basic
densities, the hardness and the relative elastic modulus properties of
the mullite + Yb,SiOs composite with and without Ti,AlC healing
particles compared with those of mullite. The properties before and af-
ter healing of cracks are also compared.

3. Results and discussion
3.1. Crack healing in Mullite-Yb,SiO5; EBC material

An example of the cracks introduced into the sintered EBC material
by Vickers indentation is shown in Fig. 1. Irreversible damage was
caused by the diamond-shaped indentation and radial cracks were gen-
erated from each corner. These cracks represent semicircular cracks, as
was evident when viewed from the side [45] and are termed radial
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Fig. 8. Analysis of the mullite + Yb,SiOs composite with Ti;AlC embedded
particles after crack healing at 1000 °C in air for 2 h. (a) X-ray diffractogram
of the surface oxides, and (b) SEM image of cross section of the crack healed
zone as obtained with plasma focused ion beam. The spots indicated in (b)
are the locations of chemical composition analysis with EDS; see Table 2.
Note that, spots 1 and 2 pertain to the healed crack, spot 7 is located in the
Pt deposited layer and the other spots are located in the matrix.

cracks. In this study, the load was controlled such that the length of the
radial crack on one side of the indentation was about 15-20 pm.

The cracks introduced by Vickers indentation on the surface of the
mullite + Yb,SiOs EBC sample are shown in Fig. 2. The left optical mi-
crograph, Fig. 2a, shows the cracks observed prior to heat treatment for
crack healing, and the right optical micrograph, Fig. 2b, depicts the
crack site following three cycles of heat treatment at 1350 °C for 10 h.

Ceramics International xxx (xxxx) 1-9

Moreover, Fig. 2b shows that the cracks that advanced in the up and
down directions have healed. A sizeable reduction in the length of the
radially propagated crack occurred after crack healing. However, since
complete healing did not occur in the mullite + Yb,SiOs EBC sample,
the temperature was increased to attempt further healing. Fig. 2c and d
shows the cracks before and after heat treatment at 1500 °C for 2 h, re-
spectively. As can be seen, most of the radial cracks that developed
from irreversible damage have healed after the heat treatment. Fur-
thermore, the formation of a liquid phases at the surface is apparent.
Although, the healing of the crack damage at 1500 °C in air is superior
to that at 1350 °C, a lower temperature for complete healing is desired.
To achieve this, an investigation was conducted in which an additional
phase was incorporated into the EBC material, namely Ti,AIC MAX
phase particles; see Section 3.2.

The morphology and composition around the indentation sites of
the crack-healed mullite + Yb,SiOs EBC sample at 1500 °C for 2 h was
studied using SEM and XMA; see Fig. 3. Fig. 3a includes the diamond-
shaped indentation site indicated by a dotted line. The X-ray analysis
only detected the elements Yb, Si, O, and Al, and their distribution is
shown in Fig. 3 b till e, respectively. The Al map (Fig. 3b) is complemen-
tary to the Yb map (Fig. 3c). Considering that the main components of
mullite (3A1,032Si0,) are Al and Si and as Yb,SiOs was added, these
maps show also the distribution of both phases in the composite. Ac-
cording to the results of our previous studies [22,37], when the Yb,SiOsg
phase was added to mullite, XRD analysis detected Al,O3 together with
mullite, Yb,SiOs, and Yb,Si;O-. In these studies, the healing mechanism
was disclosed: the low-melting-point phase containing SiO, migrated
into the cracks to fill the crack gaps, while the Al;03 and mullite phases
were detected as crystalline phases during cooling. The Al,O3 phase is
preferred over the SiO, phase because of its better resistance against
high-temperature corrosion.

3.2. Crack healing in Mullite-Yb,SiOs EBC material by addition of
Ti,AIC

The MAX phase Ti,AlC synthesized from Ti, TiC, and Al powders at
a temperature of 1500 °C, cf. Section 2, is confirmed with XRD; see Fig.
4a. The recorded diffractogram clearly shows that the diffraction lines
precisely coincide with the lines pertaining to single phase crystalline
Ti,AIC.

The optical micrograph of the mullite + Yb,SiOs composite with
addition of Ti,AlC particles is shown in Fig. 4b. The matrix material is
mullite, the gray phase is Yb,SiOs (some of the Yb,SiOs phase is indi-
cated in the image), and the white area corresponds to the Ti>AIC MAX
phase. The small dark spots are pores. Overall, despite the presence of
some agglomerations, the Yb,SiOs and Ti,AlC phases are distributed

Table 2
Analysis results of chemical compositions on the spot areas near crack healing zone in Fig. 8(b).
spot 1 spot 2 spot 3 spot 4 spot 5 spot 6 spot 7 spot §
EL
wite | arde | with | af | wite | ai% | wite | arfe | with | ai%h | wa% | m% | wrth | arte | wate | m%
Yh | 6793 | 275 | 7336 | 4286 | 5264 | 104 | 071 | 02 | 5506 | 1244 | 244 | 079 | 1S | o3 | 133 | oae
Si | 068 | 163 | 0 b | oo | oa0d | e | oes | 076 | Los | a7 | 033 | ez | 048 | 005 | o4
Ti | 811 | 1086 | 1352 | 2855 | 145 | 100 | 046 | 02 | 186 | 151 | 246 | 285 | 296 | 208 | 04w | 22
Al | 252 | 653 | 166 | 623 | IR6T | 2534 | 5126 | 3938 | 1857 | 2687 | 143 | 294 | n02 | 132 | S604 | 4407
O | 684 | 2998 | 283 | 179 | 2078 | 8443 | 4630 | 60 | 2209 | &06 | 403 | 14 | 836 | 1078 | 4192 | 888
C 32 | IseT | 0 0 25 | 687 [ 007 | o3 | w2 | 2o | o234 | staz | 24ms | T2 | 0 o
“M balanced
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Fig. 10. Indentation load—-displacement curves of the mullite + Yb,SiOs
composite without healing and the Ti,AlC-added mullite + Yb,SiOs com-
posite with Ti,AlC embedded particles before and after crack healing.

uniformly. The distribution of the Ti,AlC phase, which is the crack-
healing agent, appears to be evenly dispersed.

The relative densities of the mullite + Yb,SiOs composite with and
without Ti,AlC MAX phase prepared at the same sintering temperature
of 1500 °C are compared in Fig. 5. By adding 20 wt% Ti,AlIC to the
mullite + Yb,SiOs mixture the relative density increased from 83.5%
to nearly full dense. The higher density of the disc shaped sample was
caused by a greater shrinkage due to the addition of Ti>AlC; the shrink-
ageratio was 10.5% in the radial direction and 9.2% in the thickness di-
rection, respectively. A higher density of mullite + Yb,SiOs composite
with Ti,AIC EBC material may be beneficial for protecting the underly-
ing SiC-SiC composite from water vapor penetration.

In the optical micrograph of the mullite + Yb,SiOs composite with
Ti,AIC a radial crack induced by the Vickers indentation is clearly visi-
ble; see Fig. 6a. This crack interacts with a Ti,AlC particle in the mul-
lite + Yb,SiOs composite matrix. The crack damage is healed after
subsequent heat treatment at 1000 °C in air; see Fig. 6b.

In the SEM image in Fig. 7, crack healing by the addition of a Ti,AIC
phase is more apparent. The crack-healing mechanism by Ti»AlC occurs
by the oxidation of both Ti and Al cf. Ref. [46], and the oxides filling
the crack gap due to volume expansion upon oxidation. Finally, the
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strength recovery is due to strong adhesion between the oxides in the
crack gap and the parent matrix; see below.

The phases on the surface after heat treatment at 1000 °C in air of
the Ti,AlC MAX phase particles added to the EBC composite were ana-
lyzed by XRD; see Fig. 8a. From these findings, it can be conceived the
crack healing occurs due to the formation of initially Al,O3 and TiO, by
oxidation of Ti>AlC. The results of the EDS analysis of the crack healed
zone following oxidation are presented in Fig. 8b. The analysis detects
both the Al and Ti phases together with the O peak as shown in Table 2.
Subsequently these oxidesreact with Yb,SiOs resulting in the formation
of ternary oxides Yb3Als05 and Yb,Ti»O, according to Fig. 8a. Accord-
ing to XRD and XMA, the radial crack is presumably filled with mainly
Al,03 and TiO; due to oxidation of Ti,AlIC [46]. Also, the surface is cov-
ered with oxides stemming from the Ti,AlC addition. These observa-
tions are in agreement with our previous studies on the oxidation of
Ti»AlC MAX phase either as particles [46] or as bulk material [47]. We
can expect that the hot corrosion resistance of these oxides are much
better than SiO, as there isno Si present in the Ti,AlC particles and then
it oxides to AlgOg, Ti02, Yb3A15012 and szTi207 [48,49]

The oxidation of Ti»AlIC is a continuous process that occurs not only
at a temperature of 1000 °C but also up to 1600 °C [50-52]. Conse-
quently, the gas turbine parts that are targeted for crack healing in this
study can expect crack healing by oxidation of Ti,AlC [48]. During the
oxidation test of Ti,AlC at 1000-1300 °C, reportedly, a a-Al;O3 phase
forms on the inside and a discontinuous TiO, outer layer develops [49].
The oxidation of Ti,AlIC in the range of 1400-1600 °C under a steam
atmosphere has also been investigated [48,50]. In addition to the a-
Al,O3 phase, the Al,TiOs phase is formed on the outer layer; conse-
quently, 1555 °C is suggested to be the highest temperature for applica-
tions [50].

The flexural strengths of the mullite + Yb,SiOs EBC and MAX-
added EBC samples are presented in Fig. 9. The graph shows the
strength of each sample as measured before (un-indented i.e., as pre-
pared material) and after crack healing (indented at P = 9.8 N and
post-healed material). In the case of the mullite + Yb,SiOs sample, the
strength of as prepared material was 71.8 = 10.3 MPa, while that af-
ter crack healing was 58.7 = 8.6 MPa. This demonstrates a strength
recovery of about 82% compared to its initial strength value. Consider-
ing that the reduction in strength due to Vickers indentation is about
50% or less of the initial strength [45], this strength recovery islarge in-
dicating a significant crack healing effect. The strength of our sample
with  Vickers-indented without healing was measured at
39.8 + 6.1 MPa, which is 55% compared to as-prepared material.
Conversely, as shown in the graph, the addition of the MAX phase in-
creased the value of the flexural strength from 121 + 33 MPa before
crack healing (i.e. as prepared material) to 144 = 9 MPa after crack
healing, indicating a relatively high strength value following healing.

This all means that the material completely recovered from the loss
of strength via the self-healing of cracks after heat treatment of Ti,AlC
at a lower temperature of 1000 °C (>100%). An examination of the
origin of the failure following the strength test revealed that the frac-
ture occurred in the vicinity of the indentation site rather than at the in-
dentation site itself, indicating that the crack was completely healed.

From the indentation load-displacement curves of the EBC materi-
als values for the hardness and stiffness (i.e., Young's modules) were ob-
tained; see Fig. 10 and Table 1. The graph comprises the indentation
load—displacement of the mullite + Yb,SiOs composite and shows that
the indentation load-displacement curves by the addition of Ti,AlC
particles are shifted upward. This indicates that both the hardness and
Young's modulus increased by the addition of Ti>AlC particles, since the
hardness is inversely proportional to the amount of residual displace-
ment after unloading and the stiffness is proportional to the slope of the
loading or unloading curve. Albeit the curve of the Ti,AlC-added mul-
lite + Yb,SiOs composite is slightly shifted downward after crack
healing due to the formation of oxides (see the graph designated by
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‘Ti,AlC added (indented + heal)’), the mechanical properties remain
superior to that of the mullite + Yb,SiOs composite without the addi-
tion of Ti,»AlC, cf. Fig. 10 and Table 1.

4. Conclusions

The crack healing capacity of mullite + Yb,SiOs composite with
and without embedded Ti,AlC MAX phase particles was investigated.
The mullite + Yb,SiOs material is used as environmental barrier coat-
ing (EBC) on SiC-SiC ceramic matrix composites (CMC) for critical
high temperature applications, such as components in jet engines for
aircrafts and spacecrafts.

The healing of cracks in the mullite + Yb,SiOs EBC material with-
out Ti,AlC required a heat treatment at very high temperatures, i.e.,
1300 °C or 1500 °C for 2-30 h. Then, the cracks were filled by a eutec-
tic liquid phase containing SiO, resulting in an ~80% strength recov-
ery.

On the other hand, full crack healing was realized in the mul-
lite + Yb,SiOs composite with embedded Ti,AIC MAX phase particles
at significant lower temperatures and within shorter times; e.g.,
1000 °C for 2 h. The cracks were filled with Al,O3 and TiO,. Subse-
quently, these oxidation products react with the composite matrix
forming ternary oxides like Yb,Ti;0; and Yb3AlsO15. These ternary ox-
ides also formed on the surface to completely conceal the cracks.

Finally, the embedded Ti»AlC enhanced the hardness and stiffness of
the mullite + Yb,SiOs composite as well as the strength with full
strength recovery after crack healing.
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