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A B S T R A C T

To overcome the main limitation of oxide ceramic matrix composites (Ox-CMCs) regarding thermal degradation, 
the use of matrix doping is analyzed. Minicomposites containing Nextel 610 fibers and alumina matrices with 
and without MgO doping were produced. The thermal stability of the minicomposites was evaluated considering 
their microstructure and mechanical behavior before and after thermal exposures to 1300 ◦C and 1400 ◦C for 2 h. 
Before heat treatment, both composite types showed very similar microstructure and tensile strength. After heat 
treatment, densification, grain growth and strength loss are observed. Furthermore, the MgO dopant from the 
matrix diffuses into the fibers. As a result, abnormal fiber grain growth is partially suppressed and MgO-doped 
composites show smaller fiber grains than non-doped composites. This more refined microstructure leads to 
higher strength retention after the heat treatments. In summary, doping the matrix can increase the overall 
thermal stability without impairing the room-temperature properties of Ox-CMCs.   

1. Introduction

All-oxide ceramic matrix composites (Ox-CMCs) show an interesting
combination of high strength, chemical and thermal resistance, as well 
as high fracture toughness. Therefore, these materials are promising 
alternatives for high-temperature applications in oxidizing environ-
ments such as gas turbine engines, thermal protection system and hot- 
gas filters [1]. Ox-CMCs typically consist of alumina-based porous ma-
trix reinforced with high-strength oxide fibers. The idea behind the use 
of a porous matrix is to allow for crack deflection mechanisms when the 
composite is mechanically loaded. In other words, possible cracks can be 
deflected through the matrix porosity or at fiber-matrix interface while 
the fibers can sustain the load [2]. Therefore, the strength of these 
composites is normally related to the strength of the reinforcing fibers 
when they are loaded on-axis. Current Ox-CMCs use mostly the alumina 
fiber Nextel 610 or the mullite-alumina fiber Nextel 720 as their rein-
forcement [1]. The high strength of these polycrystalline oxide fibers is a 
reflection of their refined microstructure containing nano-sized grains. 
To achieve that, Nextel 610 fibers have approximately 0.7 wt% of Fe2O3 
and 0.3 wt% of SiO2 in their chemical composition to induce the 
nucleation of alumina grains and to reduce grain growth during pro-
cessing, respectively [3]. 

The main limitation of Ox-CMCs is related to their thermal stability. 
In general, strength reduction and embrittlement are observed when 
these composites are exposed to temperatures above 1000 ◦C [4–6]. 
These changes are normally associated with the further densification of 
the matrix and, most importantly, to the thermal degradation of the 
reinforcing fibers [1]. The thermal stability of oxide fibers has been 
extensively studied in the literature [7–11]. In the case of Nextel 610, 
strength reduction can be observed starting at 900 ◦C [10]. It is 
commonly accepted that fiber degradation is caused by grain growth 
and micro grooving [7,9,11]. Nevertheless, the extent of fiber degra-
dation can vary when the fibers are embedded in the composites. For 
instance, Schmücker and Mechnich observed a more pronounced grain 
coarsening in the peripheral zone of Nextel 610 fibers embedded in a 
highly-pure alumina matrix after exposure to 1400 ◦C for 2 h [12]. At 
high temperatures, elemental diffusion and interactions between fiber 
and matrix can take place besides grain growth. In the aforementioned 
case, it was suggested that the SiO2 dopant of the fibers diffused into the 
matrix. Therefore, the absence of SiO2, which is an alumina grain growth 
inhibitor, resulted in higher grain growth in the fiber rim [12]. In a 
subsequent study, it was shown that this outward SiO2 diffusion can be 
hindered if the matrix has similar chemical composition, diminishing 
the chemical gradient between fibers and matrix [13]. Furthermore, an 
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opposite effect can also be observed if the matrix is rich in SiO2. A study 
by Volkmann et al. suggests that inward SiO2 diffusion takes place when 
Nextel 610 fibers are embedded in a mullite-SiOC matrix, leading to 
smaller grains in the fiber rim [14]. 

Considering that the chemical composition of the matrix can influ-
ence fiber degradation at high temperatures, the objective of this work is 
to investigate the applicability of matrix doping for the production of 
Ox-CMCs with higher thermal stability. The doping of monolithic 
alumina has been investigated for many years. Several doping elements 
are known in the literature, such as SiO2, MgO, CaO, ZrO2 and rare 
earths [15]. Although SiO2 is commonly used for the doping of oxide 
fibers like Nextel 610, this dopant has a few drawbacks. For instance, 
SiO2 can lead to abnormal grain growth and the formation of SiO2 glass 
phase [16,17], which can impair the material`s thermal stability. Among 
the possible doping elements, MgO is considered one of the most 
effective grain growth inhibitors for alumina [18]. When used in correct 
amounts, MgO doping segregates at the grain boundaries of alumina and 
reduce the grain boundary mobility [16,18,19]. Therefore, the appli-
cability of MgO dopant in the production of Ox-CMCs is evaluated in this 
study. For this purpose, Ox-CMC minicomposites were manufactured by 
reinforcing non-doped and MgO-doped alumina matrices with Nextel 
610 fibers. The fabricated minicomposites were sintered at 1200 ◦C for 
2 h. To evaluate the thermal stability, minicomposites were tested before 
and after additional heat treatments at 1300 ◦C and 1400 ◦C for 2 h. 
Microstructural analyses and uniaxial tensile tests were performed to 
investigate the influence of the dopant on the fiber degradation and on 
the mechanical performance of the minicomposites. Furthermore, 
possible fiber-matrix interactions were evaluated by 
wavelength-dispersive X-ray spectroscopy (WDX) analysis of selected 
samples. 

2. Materials and methods

2.1. Specimen preparation 

Minicomposites, which are unidirectional composites reinforced by 
fiber bundles, were fabricated and analyzed for this study. All produced 
minicomposites contained 3000 den Nextel 610 fiber bundles (3 M, MN, 
USA) as their reinforcement. The production was done using the iono-
tropic gelation technique [20]. For that, water-based ceramic suspen-
sions containing a solid content of 50 vol% were prepared. For the doped 
minicomposites, MgO-doped alumina powder (480 ppm MgO, d50 =
120 nm, Baikowski, Poisy, France) was used. For comparison, another 
set of minicomposites was prepared using highly pure alumina powder 
(d50 = 120 nm, Baikowski, Poisy, France), i.e., non-doped mini-
composites. In both cases, two alginates in the same proportion were 
used as the binder: Protanal LFR5/60 (FMC Corporation, Philadelphia, 
PA, USA) and Alginic acid sodium salt from brown algae with medium 
viscosity (Sigma-Aldrich Chemie GmbH, Steinheim, Germany). Detailed 
information about the ionotropic gelation technique for the production 

of Ox-CMCs can be seen in our previous publication [20]. Before the 
slurry infiltration, the fiber bundles were thermally desized at 700 ◦C for 
2 h in a LHT 04/17 chamber furnace (Nabertherm GmbH, Lilienthal, 
Germany). Six fiber bundles were infiltrated and passed through 
tube-shaped paper molds to obtain minicomposites with a cylindrical 
shape. After drying for at least 3 days at room temperature, the paper 
molds were removed and the minicomposites were sintered at 1200 ◦C 
for 2 h (heating rate = 4 K/min, cooling rate = 9 K/min) in the same 
furnace used for fiber desizing. Fig. 1 shows an example cross section of 
a produced minicomposite. The minicomposites have a diameter of 1.80 
± 0.02 mm and fiber content of 19 ± 1 vol%. The samples were eval-
uated before (as-produced) and after heat treatments at 1300 ◦C and 
1400 ◦C for 2 h. The parameters for the heat treatments were selected to 
represent possible applications at critical temperatures for a short time. 
The heat treatments were performed using the same furnace, heating 
and cooling rates as the ones used for sintering. 

2.2. Characterization methods 

The minicomposites were evaluated and compared based on their 
microstructure and mechanical properties. The open porosity of the 
minicomposites was measured by a mercury porosimeter Pascal 440 
(Porotec GmbH, Hofheim am Taunus, Germany). Fiber and matrix grain 
sizes were measured using scanning electron microscopy (SEM) images. 
For that, the minicomposites were embedded in epoxy resin for grinding 
and polishing. Afterwards, the embedding resin was thermally extracted 
and the polished surfaces were thermal etched between 1100 ◦C and 
1300 ◦C for 30 min. Pictures of the microstructure were taken using a 
ZEISS Supra 40 SEM (ZEISS, Oberkochen, Germany) with an accelera-
tion voltage of 1 kV. Grain size measurements were performed with the 
software ImageJ. The ferret diameter was selected to represent the 
length of the grains, especially considering the abnormal grains after 
heat treatment. The grain size measurements were performed in the 
fiber center, fiber rim (at the fiber-matrix interface), as well as in the 
matrix region near to the fibers. 

Furthermore, elemental analyses were performed using a JEOL JXA- 
8200 electron probe micro analyzer (JEOL Ltd., Tokyo, Japan) equipped 
with 5 WDX spectrometers. Sample preparation was similar to the one 
for the SEM images, but without performing the thermal etching. Due to 
the very small amount of the elements to be analyzed, e.g., 480 ppm of 
MgO, not all samples were tested. The measurement was focused on the 
sample that was expected to show the highest amount of fiber-matrix 
elemental diffusion: MgO-doped minicomposites after heat treatment 
at 1400 ◦C for 2 h. For comparison, an as-produced MgO-doped mini-
composite was also analyzed. Pictures and element profiles were taken 
with an acceleration voltage of 15 kV. 

The mechanical performance of the minicomposites was evaluated 
with uniaxial tensile tests. The tests were performed using a Kappa 050 
DS universal testing machine (Zwick Roell, Ulm, Germany) equipped 
with a PS-E50 laser extensometer (Fiedler Optoelektrik GmbH, Lützen, 

Fig. 1. Example cross-section of manufactured minicomposite sintered at 1200 ◦C for 2 h showing even fiber distribution.  
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Germany). Five specimens per condition were tested at a constant 
loading rate of 0.5 mm/min. The mini-composites were clamped to the 
machine using conical holders. A more detailed description of the testing 
set-up is given in our previous publication [21]. To record the sample 

elongation via laser extensometer, the gauge length of 75 mm was 
marked in two points at a distance of 35 mm. 

3. Results

3.1. Microstructural analysis 

The produced minicomposites were investigated first regarding their 
microstructure in terms of porosity and grain size. Fig. 2 shows the 
measured open porosity for the minicomposites before and after the heat 
treatments. Considering that the fibers are highly dense, the measured 
open porosity is mainly related to the porosity of the matrix. Both types 
of minicomposite showed very similar open porosity in the as-processed 
state: 29.2% for MgO-doped and 28.6% for non-doped. The heat treat-
ments have a clear influence on the porosity of the minicomposites. For 
instance, MgO-doped samples showed a relative porosity reduction of 
10% and 31% after the 2 h heat treatment at 1300 ◦C and 1400 ◦C, 
respectively. A very similar trend was observed for the minicomposites 
without dopant. Hence, the presence of the MgO-doping does not seem 
to influence the further densification of the matrix at high temperatures. 

Example SEM micrographs depicting the grains of fiber and matrix of 
non-doped and MgO-doped minicomposites are shown in Figs. 3 and 4, 
respectively. The micrographs were focused on the center and rim of the 
fibers, as well as on the matrix region close to the fiber-matrix interface. 
The contrast of the images was adjusted for a better visualization of the 

Fig. 2. Open porosity of minicomposites with and without MgO doping, before 
(as-processed) and after heat treatments at 1300 ◦C and 1400 ◦C for 2 h. 

Fig. 3. SEM micrographs of non-doped minicomposites: as-processed (a) and after 2 h exposure to 1300 ◦C (b) and 1400 ◦C (c). The micrographs were taken from the 
fiber center, fiber rim and matrix close to the fiber-matrix interface. All micrographs have the same scale. 
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grain boundaries. In the micrograph of the fiber center in as-processed 
MgO-doped minicomposite (Fig. 4a), it can be seen that a few grains 
seem to be in a different depth. This is an indication that the sample was 
unfortunately not well polished, since it is relatively difficult to obtain 
completely flat surface during grinding and polishing considering that 
fiber and matrix have much different hardness due to the matrix 
porosity. Apart from that, both types of composites showed very similar 
microstructure after sintering (Figs. 3a and 4a). The grains of the fibers 
in both cases are mostly equiaxial and there is no apparent differences 
between the grains in the center and in the rim of the fibers. The same 
can be said for the matrix grains, although they are bigger than the fiber 
grains. Nevertheless, differences on fiber grains are observed after the 
heat treatments. Abnormal grain growth takes already after the 2 h 
exposure at 1300 ◦C as seen in Figs. 3b and 4b. In general, a higher 
amount of abnormal grains are observed in the fiber rim in comparison 
to the fiber center. This is more expressive after the heat treatment at 
1400 ◦C (Figs. 3c and 4c), after which the elongated fiber grains are 
much bigger. However, smaller grains of about 100–300 nm are still 
observed around the abnormal grains. When comparing the mini-
composite types, it is evident that the amount and size of the abnormal 
fiber grains are much smaller for MgO-doped samples. In contrast, the 
matrix grains evolution is very similar for both MgO-doped and non- 
doped samples. In general, the matrix grains grow, but remain rela-
tively equiaxial. 

The ferret diameter was measured to quantify the observed grain 

sizes. Fig. 5 shows the box plot diagrams used to graphically depict the 
measured grain size distributions. For each box, the lower box line de-
notes the first quartile, the middle line denotes the median and the upper 
line denotes the third quartile of the grain size distribution. The size of 
the box represents the distribution of the grain size data, while the filled 
square is the average grain size. Furthermore, the whiskers represent the 
maximum and minimum measured grain sizes. Here it should be noted 
that the maxima and minima also depend on the observation window. 
Additionally, scale breaks are used for better visualization of the max-
ima due to the abnormal grains observed after the heat treatments. As 
previously mentioned, the microstructures of the as-processed compos-
ites are very similar. For both cases, most of the fiber grains are within 
the range of 75–150 nm, while the matrix grains are around 
150–250 nm. Furthermore, there are no statistical differences between 
the grain size distributions measured on the center and rim of the fibers. 

After the heat treatments, grain growth is observed. Due to the 
presence of abnormal fiber grains, the grain size distributions become 
much wider after the heat treatments. In general, two populations of 
fiber grains are observed: smaller and equiaxial grains, as well as bigger 
elongated grains. The grain sizes distributions, measured in the fiber 
rim, are overall broader and have higher average in comparison to the 
grain size distributions of the fiber centers. When comparing the 
different composite types, the main observed differences are on the 
bigger elongated grains. For instance, after the heat treatment at 
1400 ◦C, non-doped minicomposites showed smaller grains in the range 

Fig. 4. SEM micrographs of MgO-doped minicomposites: as-processed (a) and after 2 h exposure to 1300 ◦C (b) and 1400 ◦C (c). The micrographs were taken from 
the fiber center, fiber rim and matrix close to the fiber-matrix interface. All micrographs have the same scale. 
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of 125–300 nm and elongated grains ranging from 450 to 1800 nm in 
the fiber center. For comparison, MgO-doped minicomposites showed 
smaller grains in the range of 100–300 nm and elongated grains in the 
range of 400–1000 nm under the same conditions. In general, MgO- 

doped samples showed fewer elongated grains, which are also smaller 
in comparison to non-doped samples. As a result, fiber grain size dis-
tributions are narrower and the average grain size is smaller for MgO- 
doped minicomposites after the heat treatments. Two-tailed t-tests 
with a significance level of 0.05 were performed to assess whether the 
fiber grain size distributions are statistically different with and without 
the dopant after the thermal treatments. For all cases, the p-values were 
below the 0.05, indicating a significant difference between the fiber 
grain size distribution of doped and non-doped mini-composites after 
thermal treatments. On the other hand, differences are significantly 
smaller when comparing the matrix of doped and un-doped mini-
composites under the same conditions. 

3.2. WDX elemental mapping 

Possible fiber-matrix interactions were evaluated by WDX analyses.  
Fig. 6 depicts the elemental distributions of Fe, Si and Mg for MgO- 
doped minicomposites as-processed and after the thermal exposure to 
1400 ◦C for 2 h. In the grayscale images, the brighter regions denote 
higher concentration of the analyzed elements. In addition, element 
concentration profiles were measured between the horizontal lines in 
the micrographs of Fig. 6. Since Nextel 610 fibers have approximately 
0.7 wt% of Fe2O3 and 0.3 wt% of SiO2 in their composition [3], Fe and Si 
can be observed in the fiber region. However, relative differences can be 
seen in the concentration profiles of these elements. The concentration 
of Si is constant in the middle of the fiber, slowly decreasing near the 
fiber-matrix interface, as opposed to the abrupt drop of the concentra-
tion seen in the Fe distribution. Furthermore, the micrographs showing 
the Fe distribution have a well-defined perimeter of the fiber, while the 
perimeter is somewhat blurred for the Si distribution. This is more 
evident for the sample after the heat treatment at 1400 ◦C (Fig. 6b); 
indicating a possible outward diffusion of Si from the fiber to the matrix. 
On the other hand, Mg is barely detected in the as-processed sample. 
This is somewhat expected since Nextel 610 does not have Mg in its 
composition, and only 480 ppm of MgO were added to the matrix. 
However, it is interesting to see that after the heat treatment, the con-
centration of Mg seems to be slightly higher in the fiber than in the 
matrix; indicating a possible inward diffusion of Mg from the matrix to 
the fiber. 

3.3. Uniaxial tensile test 

The mechanical performance of the minicomposites was studied with 
uniaxial tensile tests. Examples of stress-strain curves for non-doped and 
MgO-doped minicomposites before and after the heat treatments can be 
seen in Fig. 7a and b, respectively. Both types of composite show similar 
stress-strain response having mostly linear-elastic deformation with 
small non-linearity before failure. Although damage can take place at 
relatively low stresses, no obvious elastic limit can be identified. The 
average tensile strength of the minicomposites before and after the heat 
treatments is shown in Fig. 7c. Similarly to the microstructural obser-
vations, as-processed minicomposites with and without the MgO dopant 
showed comparable tensile strength: 137 ± 6 MPa for non-doped and 
133 ± 9 MPa for MgO-doped specimens. However, the tensile strength 
of the composites decrease with different intensities after the heat 
treatments. Non-doped specimens showed relative tensile strength re-
ductions of 27% and 62% after exposures to 1300 ◦C and 1400 ◦C, 
respectively. In comparison, MgO-doped minicomposites exhibited 
tensile strength reductions of 8% and 41% after exposure to 1300 ◦C and 
1400 ◦C, respectively. 

4. Discussion

The thermal stability of Ox-CMCs depends on the microstructural
changes that can happen at high temperatures. In general, oxide fibers 
and composites are processed at relatively low temperatures when 

Fig. 5. Grain size distributions of non-doped and MgO-doped minicomposites: 
as-produced (a) and after 2 h exposures to 1300 ◦C (b) and 1400 ◦C (c). The 
boxes represent the first, second and third quartiles, the filled squares represent 
the averages and the whiskers represent the maxima and minima of the 
distributions. 
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compared to the sintering of high-density monolithic alumina. In this 
study for example, the sintering took place at 1200 ◦C for 2 h to avoid 
extensive fiber grain growth and achieve an open porous structure to 
allow for crack deflection. Hence, the used sintering parameters may be 
one of the reasons why minicomposites with and without doping showed 
very similar microstructure in the as-processed state. However, their 
microstructures are not completely stable when subjected to tempera-
tures similar or above the processing conditions. Throughout the ex-
periments, three main microstructural changes were observed after the 
heat treatments. Further densification of the matrix open pore structure 
(Fig. 2) occurs in order to reduce the surface energy. In a similar matter, 
grain growth is observed on both fibers and matrix (Fig. 5) due to the 
reduction of the grain-boundary energy. Lastly, elemental diffusion (as 
seen in Fig. 6) is caused by the chemical gradient between fibers and 
matrix. Although these phenomena have distinct driving forces, and 
possibly different activation energies, they all occur at the heat treat-
ment temperatures through diffusion. In other words, they are caused by 
atomic movement that leads to a more stable microstructure. 

The degree of these microstructural changes will depend on the 
diffusion rate of the atoms and species related to these mechanisms. 
Nevertheless, it should be highlighted that since these mechanisms 
might interfere with each other, their diffusion rates may also change as 
the microstructure develops. While densification and grain growth 
depend on the diffusion of Al2O3, albeit through different paths, 
elemental diffusion depends on the diffusion rate of Mg, Si and Fe spe-
cies through the alumina structure. For the diffusion in alumina, 
metallic cations with lower valence are normally faster diffusers, while 
metals with higher valence show diffusion coefficients similar to the 
lattice elements Al and O [22]. In our previous work, it was estimated 
that the diffusion coefficient of Mg (valency of 2) is 6–7 times higher 

than of Si (valency of 4) in alumina fibers [23]. Therefore, it is safe to 
assume that Mg diffusion happens faster than Si diffusion, grain growth 
and densification (alumina diffusion). In fact, our previous investigation 
on phase-field modeling of Nextel 610 fibers under the same condition 
has shown that Mg can diffuse all the way until the center of the fiber 
after the 2 h exposure to 1400 ◦C [23]. Although the Mg concentration is 
very small, a similar trend can be seen in the WDX element mapping 
(Fig. 6b). It is also interesting that the Mg concentration seems to be 
slightly higher in the fiber than in the matrix after the heat treatment, 
even though the doping was initially in the matrix. MgO tends to 
segregate preferentially at grain boundaries [16,24]. Since the fibers 
have smaller grains and, therefore, much more grain boundaries in the 
as-processed state (see Figs. 4a and 5a), it is hypothesized that MgO 
migrates to the fibers at earlier stages. Hence, this could lead to the 
slightly higher Mg concentration measured after the heat treatment at 
1400 ◦C. In contrast, Si seems to have only partially diffused from the 
fiber to the matrix even after the exposure to 1400 ◦C due to its much 
slower diffusion rate. As a result, Si shows higher concentration in the 
fiber center, which decreases at the fiber-matrix interface. Regarding the 
Fe2O3 doping of the fibers, Fe diffusion was not observed even though 
there is a clear Fe chemical gradient between fiber and matrix (Fig. 6). 
This is an indication that Fe2O3 is somewhat stable in the fibers, possibly 
forming a solid solution with Al2O3 [12]. 

As previously mentioned, the diffusion of the aforementioned ele-
ments can influence the other observed microstructural changes. SiO2 
and MgO tend to segregate at grain boundaries, limiting the atomic 
mobility in these regions [16]. As a result, they may affect both densi-
fication and grain growth. In general, there is a decrease in open 
porosity after the heat treatments (Fig. 2). However, MgO doping does 
not seem to affect the densification of the matrix since both types of 

Fig. 6. WDX elemental mapping of MgO-doped minicomposites: as-processed (a) and after 2 h exposures to 1400 ◦C (b). Element profiles show the element con-
centration between the two horizontal lines. 
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composite show very similar porosity decrease after the heat treatments. 
In the literature, there are conflicting results regarding the effect of MgO 
on the densification of alumina. In this regard, MgO dopant was shown 
to increase [19,25,26], decrease [27] or have no influence [19,26] on 
the densification of alumina. Here it should also be considered that part 

of the MgO from the matrix diffuses into the fibers (Fig. 6). Furthermore, 
the fibers can also constrain the matrix densification since they are 
already dense. 

Main differences between minicomposites with and without MgO 
doping can be seen when analyzing the grain growth after the heat 
treatments. Since MgO diffuses to the fiber center, it partially hinders the 
extensive fiber grain growth at temperatures above 1300 ◦C. As a result, 
MgO-doped composites show fewer abnormal grains (comparison be-
tween Figs. 3 and 4) and overall smaller grains with narrower distri-
bution (Fig. 5) in comparison to non-doped minicomposites after the 
heat treatments. The effect of the MgO doping on the fibers is also 
probably dependent on the amount of MgO introduced to the alumina 
powder used for the consolidation of the matrix. Although not investi-
gated in this work, it is presumed that lower amounts of MgO would 
result in lower hindering of fiber grain growth since the doping was 
initially in the matrix. However, attention should be taken for higher 
amounts of MgO. For instance, the formation of a spinel second phase 
has been reported when doping alumina with 500 ppm or higher 
amounts of MgO [16]. In this sense, the formation of a second phase 
could influence other properties of the composite. 

The effect of the outward diffusion of Si from fibers to matrix is also 
evident in the grain size analysis. Because of this outward diffusion, the 
peripheral region of the fibers is more susceptible to grain growth. Thus, 
there is a clear difference between the grain size distributions of fiber 
center and rim of non-doped minicomposites. Similar observations were 
made by Schmücker et al. when comparing the grain growth of Nextel 
610 fibers alone and embedded in a pure alumina matrix [12]. It should 
be noted that differences between fiber rim and center are also detected 
in MgO-doped samples even though Mg seems to be evenly distributed in 
the fibers after the heat treatment at 1400 ◦C (Fig. 6). Gavrilov et al. 
showed that co-doping with Mg and Si is more effective against alumina 
grain growth, because they increase the solubility of each other in 
alumina [16]. Therefore, the outward diffusion of Si also influences the 
grain growth in the fiber peripheral region of MgO-doped mini-
composites. Then again, these composites showed smaller grains in the 
fiber rim when compared to non-doped composites. 

Considering that both composite types show very similar as- 
processed microstructure, their tensile strength is also comparable in 
the as-processed state (Fig. 7). However, the aforementioned micro-
structural changes can have a direct impact on the mechanical proper-
ties of the composites after the heat treatments. Further densification of 
the matrix can lead to embrittlement, while fiber degradation can lead to 
strength decrease in Ox-CMCs [4]. Strength loss was observed for both 
types of composites, but MgO-doped samples showed much higher 
strength retention. As previously mentioned, MgO-doped and 
non-doped minicomposites showed very similar porosity decrease after 
the heat treatments. Therefore, it can be expected that they will show 
similar crack propagation mechanisms when loaded. Hence, the main 
difference between the heat treated minicomposites lies on the micro-
structure of the fibers. Because the inward diffusion of Mg decreases 
fiber grain growth, and due to the fact that the strength of poly-
crystalline oxide fibers is inversely proportional to their grain sizes, 
MgO-doped minicomposites show lower fiber degradation. Obviously, 
lower fiber degradation will lead to the higher strength retention of the 
MgO-doped composites. The effect of fiber degradation on the tensile 
strength of composites is more expressive in minicomposites since all 
fibers are in the direction of the load. Nevertheless, similar effects are to 
be expected for 2D- or 3D-reinforced Ox-CMCs. 

5. Conclusions

In the present study, the applicability of matrix doping for the pro-
duction of Ox-CMCs with improved thermal stability was investigated. 
For that, minicomposites containing Nextel 610 fibers and a porous 
alumina matrix doped with 480 ppm of MgO were produced and 
compared to non-doped minicomposites. The minicomposites were 

Fig. 7. Uniaxial tensile test of minicomposites before (as-processed) and after 
2 h exposures to 1300 ◦C and 1400 ◦C. Example stress-strain curves for mini-
composites (a) without and (b) with MgO dopant. (c) Measured tensile strength 
for both composite types. 
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evaluated regarding their microstructure and mechanical properties 
before and after heat treatments. In the as-produced state, the different 
minicomposites showed very similar microstructure and tensile strength 
of about 135 MPa. After the thermal exposures, reduction of the open 
porosity, grain growth and strength loss were observed. In addition, 
element diffusion between fibers and matrix take place, which affect the 
aforementioned property changes. 

The elemental analysis of MgO-doped minicomposites showed that, 
during the heat treatments, Mg diffuses from the matrix to the fibers 
while Si diffuses from the fibers to the matrix. Due to the faster diffusion 
of Mg, an almost even distribution of Mg is observed, as opposed to Si, 
which shows constant concentration in the fiber center decreasing to-
wards the fiber rim and matrix. Because of this inward diffusion of Mg, 
the co-doping of MgO and SiO2 reduced the excessive grain coarsening 
of the fibers. As a result, MgO-doped minicomposites showed narrower 
fiber grain size distributions and average grain sizes (considering fiber 
center and rim) around 31% and 27% smaller than non-doped mini-
composites after exposure to 1300 ◦C and 1400 ◦C, respectively. On the 
other hand, the further densification of the matrices did not seem to be 
influenced by the presence of MgO. Due to these microstructural 
changes, the tensile strength of all minicomposites decreased after the 
heat treatments. The suppression of fiber grain growth in MgO-doped 
minicomposites resulted in lower strength loss in comparison to non- 
doped composites. Therefore, the doping of alumina matrices with 
MgO can be a promising alternative to produce Ox-CMCs with enhanced 
thermal stability without reducing their room-temperature properties. 
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