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Abstract

Ceo.8Gdo20,.5-FeCo,04 composite is an excellent oxygen transport membrane material with good
chemical stability for applications in oxygen separation and membrane reactors. To improve
microstructural and mechanical properties, sintering profiles for Ceo.sGdo.202-s-FeCo202 composites were
optimized. Different sintering temperatures are selected based on our study of phase interactions
among the initial powder mixtures using high-temperature X-ray diffraction. The results reveal that the
phase interaction at ~1050 °C accelerates densification process, and a further increase of sintering
temperature to 1200 °C contributes to the homogenization of the pore distribution. A higher density
and an improved homogeneity of pore distribution result in enhanced mechanical strength. However,
the density decreases once the sintering temperature reaches 1350 °C. Hence, the optimal sintering
temperature considering both microstructural and mechanical properties appears to be 1200 °C.
Sintering at this temperature results in a microstructure with a density exceeding 99 % with only small
surface defects and a high average flexural strength of approximately ~266 MPa.

Keywords: dual-phase ceramic, oxygen transport membrane, sintering, microstructure, mechanical
property, optimization

1. Introduction

Oxygen transport ceramic membrane materials have attracted great attention due to their potential
economic and environmental benefits for application in oxygen separation [1-3], partial oxidation of
hydrocarbons [4-6], and oxyfuel coal combustion [7-9]. Dense dual-phase ceramic composites,
consisting of ionic conducting and electronic conducting phases, are deemed to be promising material
candidates as oxygen transport membranes [10, 11]. They show appreciable oxygen permeability and
excellent chemical stability during operation in corrosive atmospheres (e.g., SO,, CO,) at elevated
temperature (~850 °C) [12-21]. The 85 wt% Ceo.sGdo.20,-5 - 15 wt% FeCo,04 (CF) composite, as one
typical example, maintained a stable phase structure and a constant oxygen permeation flux with the
presence of flue gases at 850 °C for as long as 200 h [13]. The phase interactions between CeosGdo 2025
and FeCo,0,4 appeared to be of non-hindrance to oxygen permeability since the phase interaction
product, i.e., Gdo.sCeo.1Fe0.sC00.,03 (GCFCO) [22-24], exhibited a relatively high electrical conductivity [22,
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23]. Similar phase interactions and phase interaction products were even reported to enhance grain
boundary ionic conductivity and oxygen permeation flux of the 60 vol % CeosGdo 20,5 - 40 vol% Fe;Co04
composite [25].

Although the research activities on dense dual-phase oxygen transport membranes showed a
preference towards chemical properties, e.g., conductivity, oxygen permeability, and chemical stability
[11-21, 26-28], investigation and optimization of the mechanical properties are also indispensable for
the realization of a long-term reliable operation [29-32].

Mechanical properties of most ceramic materials are governed by microstructural characteristics, e.g.,
defect, porosity, and grain size [33, 34]. There is a general agreement that a reduction of porosity tends
to improve the mechanical properties [35-39], while the grain size effect differs for the different types of
mechanical properties. For instance, hardness increases with decreasing grain size [40, 41], following a
Hall-Petch relationship, while the elastic modulus usually does not depend on the grain size [39, 40, 42,
43]. A higher mechanical strength has been reported for ceramics with smaller grain size [34, 44, 45].
According to the limited reported studies [24, 30, 31, 46], the mechanical properties of dense dual-
phase oxygen transport membranes show comparable dependence on microstructural characteristics
such as porosity and grain size.

To improve the microstructural characteristics and the mechanical properties, optimizing the sintering
profile represents an effective and straightforward way [34, 40, 47, 48]. Generally, both grain size and
density of ceramic materials increase with the sintering temperature [49], which is followed by
agglomeration and size-proportional growth of pores [33]. Particularly known is a de-densification
phenomenon [50], i.e., the density starts to decrease with increasing sintering temperature after having
reached a maximum value, as also reported for some ionic conducting ceramics [47, 51]. For example,
large pores formed in zirconia sintered at temperatures above 1600 °C [47]. Similar pore formation and
swelling effects were also reported for nano-size CeO, powder compact sintered at 1350 °C, apparently
induced by oxygen gas produced by the redox reaction of Ceria [51]. Furthermore, the de-densification
behavior of CeO, was affected by doping with Gd [48], as well as the introduction of sintering agents
such as CoO [52], Bi,03[53], and Fe,03[54]. The reduced density resulting from the de-densification
process was attributed to being the dominating reason for reductions of elastic modulus and mechanical
strength [47, 48].

Among the studies on dual-phase oxygen transport membranes, only a few discussed the correlation
between sintering profile and mechanical reliability [31, 46]. It was concluded for 50 vol% Ceo.9Gdo.10;-5-
50 vol% LageSro.aCoo.2Fen.s03-s composite that an intermediate sintering temperature of 1250 °C resulted
in a relatively dense microstructure with fine grains, and thereby permitted a sufficient mechanical
strength for safe application as oxygen transport membrane [46].

The current work aims for improving the microstructural and mechanical characteristics of CF
composites by optimizing the sintering profiles. The abovementioned phase interactions are
characterized using high-temperature X-ray diffraction. The determined phase interaction temperatures
were selected as sintering temperatures to assess the effect of the phase interactions on microstructural



characteristics. The relations between the mechanical properties and the microstructural changes are
discussed, and finally, an optimal sintering temperature is suggested.

2. Experimental

The composites were fabricated by solid state reaction. Powder mixtures containing 85 wt%
Ceo0sGdo2015 (Treibacher Industrie AG, 99%), 10 wt% Cos0,4 (Alfa Aesar, 99.7%) and 5 wt% Fe,0s (Sigma-
Aldrich, 99%) were mixed in a plastic bottle with ethanol and zirconia balls, and ball milled on a roller
bench in two steps. In the first step, the 5 mm diameter zirconia balls were used and the milling time
was 3 days. In the second step, the 5 mm diameter zirconia balls were replaced with balls having 1 mm
diameter, the milling time was 7 days. The ratio of powder-ball-ethanol for all the milling steps was set
at 1:2:3. After drying, the powder mixtures were investigated by X-ray diffraction (see Figure S1), and
Energy-dispersive X-ray spectroscopy mapping (see Figure S2). No additional phase or contamination
was found. The powder mixtures were uniaxially pressed into pellets using a pressure of 19 MPa. Each
pellet had a diameter of 20 mm and a thickness of ~0.8 mm. These pellets were then sintered in air at
four different temperatures, i.e. 900 °C, 1050 °C, 1200 °C, and 1350 °C, respectively. The dwell time at
each sintering temperature was 10 hours. The heating rate was set to 3 K/min. The cooling rate was the
same, except for the temperature range between 900 °C and 800 °C, where the cooling rate was
reduced to 0.5 K/min to permit a complete phase transformation from CoO rock salt to Fe,Co3.x04 (0 < x
< 3) spinel [10]. In the following, the sintered samples are abbreviated as CF-900, CF-1050, CF-1200, and
CF-1350 according to their respective sintering temperatures. For the microstructural characterization,
the samples’ cross-sections were ground using SiO,-sandpaper with grit sizes ascending from 400 to
2000, and then polished using a 50 nm colloidal silica suspension including diamond paste with particle
sizes stepwise reducing from 6 um to 3 um, then to 1 um. The last polishing stage was conducted with
the 50 nm colloidal silica suspension without diamond paste. Each step was continued until the defects
and scratches from the previous step were removed. Finally, the sample s’ cross-sections were polished
to a mirror finish.

X-ray diffraction (XRD) (Empyrean, Malvern Panalytical Ltd), equipped with a Cu long fine focus tube (40
kV / 40 mA), Bragg-Brentano"® mirror (divergence = 0.4°), PIXcel3D detector (1D-mode, active length =
3.35° 255 channels), and an Anton Paar HTK 1200N oven chamber, was used to characterize the crystal
structures of the pressed powder mixtures at every 50 K during heating/cooling between room
temperature and 1200 °C in air. The heating/cooling rate was 5 K/min.

Microstructures were assessed by back scattered electron microscopy (BSEM) (Merlin, Carl Zeiss
Microscopy Ltd). Different phases were identified by electron backscatter diffraction (EBSD)
(NordlysNano, Oxford Instruments Ltd). The grain size was then determined from image analysis using
the HKL Channel 5 software packages.

The porosity was calculated as an area fraction of pores using the Imagel software [55]. Binary pictures
were generated from at least three BSEM images of polished sample cross-sections based on the isodata
threshold method [56, 57]. The pores and the bulk materials in these binary pictures appeared as black
and white areas, respectively.



Fracture stresses of the as-sintered pellets were assessed by ring-on-ring tests using an
electromechanical testing machine (Instron 1362, Lebow Ltd) following the general procedure outlined
in ASTM C1499-05 [58], but only five specimens for each composite were available for testing. The
diameter and thickness of each specimen were measured with a digital micrometer with a resolution of
1 um. The standard deviation measured for the thickness is not larger than ~5 um. The specimens met
the requirements for tests using loading and supporting rings with diameters of 3.43 mm and 9.99 mm,
respectively. The stress rate was maintained to be 20 MPa/s. The average flexural stress (o5) and elastic
modulus (E) were calculated by equation (1) and equation (2), respectively. The effective tensile surface
areas of all samples are estimated to have similar values of ~¥32 mm? according to ASTM C1499-05 [58];
the Weibull modulus of CegsGdo201.9 (~ 6.2 [59]) is used for the estimate.
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where F is the fracture force, AF and Af are the load and displacement interval of the linear part of the
load-displacement curve, respectively. And d is the sample diameter, t the sample thickness, v the
Poisson's ratio, dg and d; are the diameters of support and loading ring, respectively. Poisson's ratio was
assumed to have a typical value of 0.3 [59].

The fracture surfaces were investigated through BSEM for fracture modes and fracture origins. The
fracture origin size, i.e., the radius of circular/semicircular origin or minor axis length of
elliptical/semielliptical origin, was measured and compared with the values estimated by equation (3)
[60]:
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where C, K¢, and Y are fracture origin size, fracture toughness, and stress intensity factor, respectively.
Several Y values for origins with different shapes and sizes are given in ASTM C1322-15 [60].

The fracture toughness and hardness were determined using the Vickers indentation method [61],
which has been effectively applied before to determine K of the Ceo.9Gdo.102-5-Lao.6Sr0.4C00.2F€0.803-5
dual phase oxygen membranes [31, 44]. Vickers indentations at two different loads of 1 N and 5 N were
made on the polished sample cross-sections using a macro indentation machine (Micromet® 1, Buehler
Ltd). Twenty indentation tests at each load were conducted with a distance of 500 um between the
indents. The hardness (H) was determined by equation (4) [31]. The fracture toughness (K;) values
were calculated by equation (5) with a ¢c/a (a and ¢ denote the measured half-diagonal of the
impression and the crack length, respectively) value higher than 2.5 [61, 62].
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where P represents the indentation load. It should be noted that equation (5) can only provide a rough
estimate of the fracture toughness, which can be used for a qualitative assessment of the different
samples but cannot be used for a quantitative study.

3. Results and discussion
3.1 Characterization of phase transformations

The results of the XRD in-situ observations of phase transformations within the powder compacts as a
function of temperature are presented in Figure 1. Seven characteristic temperatures could be labeled
with corresponding transitions listed in Table 1.

During the heating process, the Fe,03 starts to form an iron cobalt spinel phase at 750 °C together with
Co304. But initial diffraction patterns of the formed spinel do not fit well with that of FeCo,0, spinel due
to the bimodal peaks at several angles, which indicates that more than one kind of spinel, with a
variation of the Fe to Co ratio, is formed. Thus, the formed spinels are denoted as FexC03.04 (0 < x < 3)
(FCO). When the temperature increases to 900 °C, these bimodal peaks converge into unimodal peaks at
the respective angles, and the spinel formed at 900 °C can be fitted well as FeCo,04. At 950 °C, the
FeCo,04begins to decompose into CoO and FCO. Upon further heating, the GCFCO perovskite phase
appears at 1050 °C, and FCO is no longer detectable at 1150 °C. The formation of GCFCO consumes Gd
from Ce.sGdo.201.5 and initiates a stoichiometry change from CeosGdo.201.5 to Ce1.,Gdy025 (0 <y < 0.2)
(CGO). The GCFCO is stable once formed within the investigated temperature range, while the CoO is
unstable upon cooling. The transition of CoO into FCO starts when the temperature is reduced to 900 °C,
and CoO can hardly be detected anymore at 750 °C. Near the end of the experiment (100 °C - 25 °C), a
small amount of Al,O; materials of the oven chamber fell on the sample and produced corresponding
reflections at 20 angles of 25.5°, 35.1° and 43.1°.
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Figure 1 In-situ investigations of phase transformations of powder mixtures during heating and cooling by XRD.

Table 1 Phase transformations of powder mixtures referring to the temperatures labeled in Figure 1.

Label

Temperature (°C)

Emerged phase Vanished phase

T1
T2
T3
T4
T5
T6
T7

750 FexCo3xOa Fe20s
900 FeCo204 FexCo3xO4
950 CoO, FexCo3-x0O4 -
1050 GCFCO, Ce1yGdy02-5 -
1150 - FexCo3-xO4
900 FexCo3-xO4 -

750 - CoO

Hence, 900 °C and 1050 °C are very interesting temperatures for sintering the CF material, as phase

interactions triggered at these temperatures might further influence the densification process. It should,

however, be noted that these temperatures will result in CF materials with different phase constituents.



3.2 Microstructural investigations

The microstructures of samples sintered at the various temperatures are illustrated in Figure 2. Three
phases can be distinguished by either intensity or topography, as indicated in Figure 2(g), for CF-1050,
CF-1200, and CF-1350, whereas, only two phases are observed in CF-900, i.e., CGO and FCO, as shown in
Figure 2(a)&(b). The CGO and FCO grains appear as light grey and dark grey, respectively.

The porosities of all samples were given in Table 2. Although the image-based method for porosity
determination can induce large uncertainty for materials with high porosity [63], the porosity data
presented here are still effective for a qualitative and in particular a relative assessment of the different
samples.

CF-900 possesses the highest porosity and contains the smallest grains among all the samples, as can be
seen in Table 2 and Figure 2(a)&(b), respectively. Thus, the phase interaction between the minor phases
- Co304 and Fe,03 at 900 °C, which results in FCO, has a limited contribution to the densification process.

By contrast, when the sintering temperature rises to 1050 °C for CF-1050, the porosity is strongly
reduced to ~1.4 % (see Figure 2(c-e) and Table 2), but small pores are concentrated in a few areas as
shown in Figure 2(d). This is an indication that the microstructure of CF-1050 is not homogeneously
densified even though the total porosity is low. A further increase of the sintering temperature for CF-
1200 helps to improve the density to ~99.3 %, and it is difficult to find areas with a significant
concentration of pores (Figure 2(f,g)). Such improvement of the density for CF-1050 and CF-1200 can be
attributed to the formation of the GCFCO phase. Additionally, the average grain sizes of CF-1050 and CF-
1200 were characterized and analyzed on the basis of EBSD phase mapping results, see Figure S3. The
grain sizes of CGO, FCO, and GCFCO in CF-1200 are ~0.5 pum, ~0.3 um, and ~0.4 um, respectively, and
around two times larger than the respective phases in CF-1050. Such a difference in grain size might
affect the mechanical properties [39, 42].

Unexpectedly, when the sintering temperature is increased further to 1350 °C for CF-1350, rather large
and isolated pores are formed and the total porosity increases as shown in Figure 2(h)&(i). The few
pores observed in CF-1350 with sizes close to the grain size could be a result of the coarsening of the
residual pores formed at lower sintering temperatures, e.g., 1200 °C. But the vast number of pores with
unusually large sizes are visible in CF-1350, as shown in Figure 2(h), whereas, such large pores did not
appear in CF-1200 (see Figure 2(f)). Hence, pore coarsening driven by grain growth does not appear to
be the dominant mechanism for the formation of the large pores in CF-1350. Hence, the creation of
oxygen gas by the reduction of Ce* to Ce* could be a possible origin [51]. Further investigations are
necessary to clarify the mechanisms, which are out of the scope of the current work. Nevertheless, such
large closed pores will induce additional oxygen exchange steps at the pore surfaces regarding oxygen
permeation [64], which potentially leads to a further decrease of the permeation flux. Moreover, they
might also decrease the mechanical properties [35, 65]. Hence, the sintering temperature should be
limited to remain below 1350 °C.

With the goal to sinter a dense microstructure, sintering temperatures for CF material should, therefore,
be between 1050 °C and 1200 °C.
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Figure 2 Microstructures of (a)-(b) CF-900, (c)-(e) CF-1050, (f)-(g) CF-1200 and (h)-(j) CF-1350.



Table 2 Porosities of the CF materials sintered at different temperatures. (+ describes one standard deviation).

Sample name Porosity (%)
CF-900 29.7+2.2
CF-1050 1.4+04
CF-1200 0.7+0.1
CF-1350 26+0.2

3.2 Mechanical properties

Since, as verified above, the first target of sintering a dense microstructure has been reached, a
subsequent step is the investigation of the mechanical properties and comparison of the prepared
dense samples, i.e., CF-1050 and CF-1200. It is verified by the phase and microstructure characterization
results that the compositions are almost the same for CF-1050 and CF-1200. Hence, any potential
difference in the mechanical properties of CF-1050 and CF-1200 should be a result of the different
microstructural characteristics, i.e., porosity and grain size.

The measured mechanical properties are summarized in Table 3. The E value of CF-1200 is higher than
that of CF-1050, which is mainly attributed to the higher density of CF-1200. The E value of CF-1050
exhibits a relatively high standard deviation, which is probably induced by a wide variation of porosities
of the different CF-1050 samples. Such big porosity variation is not reflected in the porosity as
determined from Imagel (Table 2), though, which could be due to the fact that the image analysis
represents a local measure of the porosity and that there may be more area with a greater number of
pores. By contrast, the H value of CF-1200 is marginally lower than the one of CF-1050, and no load
dependence is observed within the limits of the experimental uncertainty. Apparently, the porosity does
not affect the hardness, while some grain boundary strengthening is observed, as explained in the
following. CF-1050 possesses a finer microstructure with a larger number of grain boundaries than CF-
1200, as indicated in Figure 2(e)&(g). This could be the dominant reason for the slightly higher H value
of CF-1050, and any reduction of the H value of CF-1050 induced by the higher porosity is overbalanced.

Table 3 Mechanical properties of CF-1050 and CF-1200. (+ describes one standard deviation).

H (GPa) K,c (MPa-m®3)
E (GPa) o¢(MPa)
1IN 5N 1N 5N

Sample
name

CF-1050 163+24 10.3%+0.4 100+0.3 0.84+0.04 0.86+0.08 135%57

CF-1200 205£5 9.5+0.2 9.1+£0.2 0.86+0.06 0.93+0.07 266=34




The K. values provided in Table 3 are compared to reveal potential influence from microstructural
variations, but cannot be used for design purposes since the indentation method is not an ideal method
for deriving accurate fracture toughness values [66]. The K;. values of CF-1050 and CF-1200 are almost
the same, and approximately independent of indentation loads considering the experimental
uncertainties. Furthermore, the K values are barely affected by the porosities being below ~2 %.
Typical Vickers indentations after applying loads of 5 N are shown in Figure 3. Rather well-defined
indentations and crack profiles can be seen. The fracture toughness of some dual-phase ceramics was
reported to be influenced strongly by crack deflections [30, 67]. In addition, it was reported that cracks
were attracted to the phase with the lower elastic modulus and lower thermal expansion coefficient in
dual-phase ceramics [30, 31]. Since the elastic modulus and thermal expansion coefficient of the major
phase constituents within the CF materials are comparable [24, 68-72], extensive crack deflections are
not expected. This is confirmed by the indentation cracks that mainly pass transgranularly through the
grains (see Figure S4).
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Figure 3 Vickers indentation impressions on (a) CF-1050 and (b) CF-1200 induced at a load of 5 N.

The of, however, shows a large difference for CF-1050 and CF-1200 as shown in Table 3. The average of
of CF-1200 is almost two times higher than that of CF-1050. And it is also higher than the ones of other
typical single-phase oxygen transport membranes, such as BaosSrosCoosFeo20s3.5 (~100 MPa) [73],

Lao.s8Sro.4Co02Fe0803-5(~94 MPa) [74] and SrTipesFeo3s03.s(~117 MPa) [75], which were tested using a
similar specimen geometry.

The investigations of the fracture origins were performed on the fracture surfaces of the samples with
the highest and the lowest fracture stress. The results indicate that the most likely fracture origins for
CF-1050 and CF-1200 can be located near and at the tensile surface, respectively. Moreover, the
measured origin size for CF-1050 is larger than that for CF-1200 (see Figure 4). Large pore
agglomerations, which are similar to the pore-enriched areas as indicated in Figure 2(d), are
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characterized as fracture origins in CF-1050 (see Figure 4(b)). Furthermore, the measured origin sizes are
also comparable with the estimated ones considering the uncertainties induced by measurement and Y
value, see Table 4.

It appears that the finer grains do not contribute to an improvement of the strength, and that the
strength is governed by larger defects. However, a possible residual stress will also affect the mechanical
strength, which will be the focus of our upcoming works.

Figure 4 Fracture surfaces of (a,b) CF-1050 and (c,d) CF-1200 with individual fracture stress of (a) 80 MPa, (b) 221
MPa, (c) 212 MPa and (d) 303 MPa. The defects inside the marked regions are the possible fracture origins and the
arrows are possible crack propagation paths. (Note that the dark contamination of the fracture origin in (b) did not

affect the fracture stress but occurred after testing).
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Table 4 Measured and estimated flaw sizes for the samples with the lowest and highest fracture stresses.

C (um) - C (um) -
Sample name or (MPa) Y [60] estimated
measured .
by equation 3
80 1.77 36 36
CF-1050
221 1.13 19 12
212 1.99 2 4
CF-1200
303 1.29 10 5

Further observations of the fracture surfaces reveal that the fracture paths of CF-1050 and CF-1200 are
mainly transgranular (Figure 5), but there are also few localized intergranular structures as can be seen
in the highlighted regions in Figure 5. Our observations might indicate that the mechanical properties
and the stress states of the individual phases are similar, and, therefore, the cracks do not show a clear
tendency towards propagating through individual grains or along grain interfaces [29, 30]. The fracture
surface of CF-1200 is more even than that of CF-1050, while large connected voids appeared in the
fracture surface of CF-1050 (see the line with long dashes in Figure 5(a)). These might result from cracks
propagating through regions with concentrated pores as identified in Figure 2(d).

Figure 5 Fracture surfaces of (a) CF-1050 and (b) CF-1200. (The dashed line and the areas inside the marked
rectangular regions denote the connected voids and some typical intergranular fracture areas, respectively)

Regarding the mechanical properties, the optimal sintering temperature for the CF material is identified
as 1200 °C, since sintering at this temperature leads to a relatively high elastic modulus and high flexural

strength.
4 Conclusions

CF membranes were prepared by one-step thermal processing of powder mixture of CegsGdo201.,
Fe,0s, and Cos0,. Different sintering temperatures were selected and applied according to the phase
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interactions among the powder mixture characterized by high-temperature XRD. It was revealed that
the formation of iron cobalt spinel and GCFCO starts at 750 °C and 1050 °C, respectively, while the
formation of iron cobalt spinel has a limited contribution regarding the reduction of the porosity. The
densification process is dominated by the formation of GCFCO. The membrane sintered at 1050 °C
reaches an almost fully densified microstructure with rather small grains (~0.2 um), but a large number
of small pores are concentrated in some areas. A higher sintering temperature of 1200 °C increases the
density as well as the grain size, while the distribution of pores is homogenized. However, a further
increase of the sintering temperature up to 1350 °C reduces the density due to the formation of large
and isolated pores.

The mechanical properties of the membranes with rather dense microstructures, i.e., CF-1050 and CF-
1200, are characterized and compared. The elastic modulus of CF-1050 appears to be lower than the
ones of CF-1200, while the hardness of CF-1050 is slightly higher than the one of CF-1200 due to some
grain boundary strengthening effects. The fracture toughnesses of CF-1050 and CF-1200 are almost
identical. Besides, the flexural strength of CF-1200 is much higher than that of CF-1050. The lower
strength of CF-1050 can be attributed to the larger defects that appeared in the inhomogeneously
densified microstructure.

In conclusion, the optimal sintering temperature for the CF membrane, which is beneficial for both the
microstructural and the mechanical properties is suggested to be 1200 °C.
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