JMEPEG (2024) 33:4647-4658
https://doi.org/10.1007/s11665-023-08272-y

©ASM International
1059-9495/$19.00

®

Check for
updates

TECHNICAL ARTICLE

Influence of Samarium Oxide Addition on Magnesium

Aluminate Spinel: A Case of Reaction Sintering

Biswajit Baruah > and Ritwik Sarkar

Submitted: 2 March 2023 / Revised: 24 April 2023 / Accepted: 26 April 2023 / Published online: 9 May 2023

In the present study, the role of samarium oxide (Sm,Q03) as an additive on the property development of
stoichiometric (molar ratio MgO: Al,O; = 1:1) magnesium aluminate spinel using different raw material
sources was investigated. Initially, a total of 6 spinel batches were prepared with the help of commercially
available sources of alumina (three different grades) and magnesia (two different grades) and then, the
effect of Sm,0; addition (1-4% by weight) on the properties of different spinel compositions was studied in
the temperature range of 1550-1650 °C. The various spinel batches, both additive-free and Sm,0; doped,
were then characterized via densification, phase formation, microstructural studies, cold strength and
retainment of strength post thermal shock. The results revealed that 1% of Sm,0O; addition led to optimum
densification of all the spinel batches. This was due to the formation of samarium aluminate-SmAIlO;
formed as a result of reaction between Sm,03; and components of spinel providing hindrance to the
migration of grain-boundaries of spinel. An improvement in the cold-strength and retained strength post-

thermal shock treatment in the Sm,0s-doped spinel compositions was also observed.

Keywords grain-growth restriction, magnesium aluminate spinel,
reaction sintering, samarium aluminate, samarium

oxide

1. Introduction

Magnesium aluminate (MgAl,O,4) of Mag-Al spinel ceram-
ics have become popular in various industries owing to their
interesting combination of properties such as high strength and
hardness at room as well as elevated temperatures, excellent
corrosion resistance, and high thermal spalling resistance. (Ref
1, 2). Moreover, traditional refractories have been successfully
replaced by MgAl,05 spinel in high-temperature applications
owing to their high thermal stability (melting point ~ 2135 °C)
and high chemical resistance which are common in service
conditions (Ref 3).

The myriad benefits of mag-al spinel are outweighed by its
high processing cost and low sinterability, which makes it
difficult to sinter (Ref 4-7). Researchers in the fields of
ceramics and materials science have proposed a number of
different methods for manufacturing Mag-Al spinel ceramics
(Ref 8-14). These methods are promising in theory, but in
practice they are limited to the laboratory because of their high
cost and complicated operations. Due to its low production
costs and commercial practicality, the solid-state reaction
technique has been discussed in a number of papers (Ref 15-
18). Spinel with enhanced densification and mechanical
properties can be achieved using a two-step sintering process,
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but this method is impractical for mass production because of
its high cost and long processing time (Ref 19). Evidence from
previous research suggests that dense spinel products can be
produced using a single-stage firing technique, which has clear
commercial advantages over a two-stage firing process (Ref 20-
22).

Numerous studies (Ref 23-37) have examined the effects of
various additives on spinel properties, especially alkali/alkaline
earth or transition metal compounds as SnO,, ZrO, TiO,,
Cr,03, ZnO, Cr,0;, AlF;, NazAlF¢, AICl;, CaF,, etc. However,
rare-earth oxides (REOs) could be useful components in the
production of spinel refractories as well due to their excellent
thermal and chemical stability (Ref 38). An earlier study (Ref
39) summarized the role of various REOs on the sintering and
property development of Mag-Al spinel.

Samaria (Sm,0O;)-doped spinel products with improved
density and strength using an in situ conventional mixing route
were reported that Ma et al. (Ref 40), and this improvement in
properties was attributed to the in sifu formation of SmAIO;
phase which was reported to be distributed in the intergranular
space of spinel grains and restricted the grain growth (Ref 40).
Another recent work (Ref 41) also showed that Sm,0O3 doped in
MgO-rich spinel also leads to improved density, microhardness
and cold crushing strength due to the formation of rare-earth
aluminate-SmAIO;. It was further reported that although the
presence of MgO phase affects the strength values, but those
present in spinel grain boundaries engender a pinning effect and
improves the sinterability of spinel (Ref'41). Dense spinel-based
bodies with improved density, cold strength and resistance to
thermal shock treatment were obtained by co-doping of Sm,O;3
and La,03 (15 wt.% with weight ratio of Sm,05 and La,03 =

1:1) in spinel obtained from commercial-grade sources of Al,O3
and MgO using a single-stage firing technique at 1680 °C for4 h
(Ref 15) Sm4,67(SiO4)3O and La4.67(SiO4)3O with rod-like
morphology and SmAIO; and La;gAl;O,; microcrystalline
phases with granular morphology were found in the doped
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compositions which effectively prevented grain growth and led
to improvement in properties (Ref 15). Ren and group (Ref 3)
investigated and reported on the role of double-doping of REOs,
i.e., Smy0O5 and (Y,03;, Nb,Os, and La,03) on the property
development of Mag-Al spinel with stoichiometric chemistries
prepared from calcined MgO and Al,O; using a single-stage
firing process at 1580 °C for 4 h. Double-doping of REOs
greatly improved the density, strength and thermal shock
resistance of stoichiometric spinel and Sm,03-Nb,Os showed
the maximum improvement. YAG (tetragonal) and SmNbO,
(monoclinic), formed by Sm;0;-Y,0; and Sm,03-Nb,Os
additions, respectively, have a closely similar crystal structure
to the spinel (cubic) formed resulting in increased densification
and improved properties. However, the improvement in densities
and other properties of Sm,05-La,03-doped compositions was
attributed to the formation of rod-like morphologies due to the
formation of phases such as SmAlO; and MgAl;;La0O,, despite
both of them having a hexagonal crystal structure (Ref 3).

Even though the preceding studies have evidenced the beneficial
role of Sm, 05 addition on the sintering and characteristics of spinel,
there is still a growing demand for future research in this area due to
the limited number of reported works. Furthermore, only a handful
of the reported studies have conformed to the methodical addition of
Sm,05. The adoption of an intermediary milling process prior to
sintering is another noteworthy feature in the aforementioned
studies. Although including an additional energy-intensive milling
operation may improve the properties of the resulting spinel
product, the overall cost of spinel production may increase further
and make commercialization difficult. Although rare-earth oxides
(REOs) are costly, the expenses on development of REO-doped
spinel may be lowered by the use of commercial-grade raw
materials along with a single-step conventional solid-state process
that produces in situ spinel (as opposed to the more expensive pre-
reacted spinel). Furthermore, the cost of these materials may be
drastically reduced if the amount of REO additive used could be
kept to a minimum.

An earlier study demonstrated the role of Y,O; as a
beneficial additive on the properties of Mag-Al spinel (Ref 42).
This paper investigates the effect of adding varying amounts of
Sm,03, from 1 to 4 wt.%, to batches of stoichiometric Mag-Al
spinel prepared by single-stage sintering from the same set of
commercial-grade oxide reactants, without any intermediate
milling procedure. Effect of Sm,05 addition on spinel’s density,
phase formation, microstructure, and mechanical characteristics
(cold strength, thermal shock behavior) was studied.

2. Experimental

Commercial grade reactants—3 sources of alumina (alumina-
A, C and R; all from Almatis, India) and 2 sources of magnesia
(MgO-light from Himedia Labs, India and fused MgO from a
Chinese source), were used as the starting raw materials. Initially,
a total of 6 MgO-Al,03 based powder compositions, with molar
ratio of MgO: Al,O3 = 1:1, were prepared, and then, the effect of
systematic addition of Sm,O3 (1-4 wt.%) on these compositions
was studied. The properties of raw materials and Sm,0O; are
shown in Table 1. For the without-additive batches, two sources
of raw materials (one of alumina and other of magnesia) were
mixed in alcohol medium (2-propanol) and the contents were
continuously stirred for 30 min via magnetic mixer (Tarsons,
India) to ensure proper powder blending. The contents were then
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allowed to dry in an air oven (7,yen, = 80 °C) following which 6
without-additive batches were obtained. Thereafter, each batch
was divided into 5 equal halves, with 1 portion set aside for the
additive-free (0 wt.%) batch and the other 4 were retained for the
Sm,05-doped batches. The remaining 4 parts were mixed with
alcohol and 1, 2, 3, and 4 wt.% Sm,0O; (Lobachemie, India) for
30 min before being dried in an oven. After drying, each batch
was combined with polyvinyl alcohol (4 wt.%) binder solution
(conc. = 5%), then sieved and shaped into pellets (15 mm in
diameter) and bars (60 mm by 6 mm by 6 mm) using a pressing
machine (Model 3887, Carver Inc., made in the US) and high
chromium steel molds at a forming pressure of 150 MPa and a
dwell period of 60 s. The green cylindrical bodies were then
dried in an oven maintained at 110 °C to get rid of any remnant
free moisture in the samples. The samples were then sintered at
1550, 1600, and 1650 oC with 2 h dwelling at the peak
temperatures using a raising-hearth furnace (Bysakh, India).

The sintered products were then investigated for phase identi-
fication studies using x-ray diffraction (XRD) method with the help
of an x-ray diffractometer (Ultima-IV, Rigaku, Japan; Acu,ks =

1.540640 A). Densification of the sintered bodies was studied by
measuring the bulk densities and apparent porosities by vacuum
method (Archimedes’ principle), and the immersing medium used
waswater (p_ = 1 g/cc). Elements in the gold-coated fractographs
were analyzed at selected locations using an EDS (Energy-
dispersive analysis of x-ray) detection unit (Model 51-ADD0013,
Oxford instruments, UK) attached to a scanning electron micro-
scope (JEOL JSM- 6480 LV, Japan). The cold strength of the
1650 °C sintered bars was evaluated via three-point bending
method using a universal testing machine (Model HK10S, Tinius
Olsen, USA).

For thermal shock study, flexural bars sintered at 1650 °C were
first exposed to several water quench (thermal shock) cycles (2, 4,
6, and 8 cycles), and then, a 3-point flexural strength test was
performed to estimate the retained or residual strength. Pre-
sintered bars were heated to 1000 °C for ten minutes before being
cooled in water. This process was repeated for a total of 8 thermal
shock cycles. Figure 1 is a flowchart depicting the experimental
technique. It is worth mentioning that for each data point in the
plots of the current study, the average value obtained from testing
5 individual samples for each batch is reported.

4Furthermore, thermal expansion studies of the optimized
samaria containing batch and its comparable additive-free batch
were performed using a dilatometer (Netzsch DL 402SE,
Germany). For this, rectangular bars of dimensions 8 x 5x 5
mm? were carefully prepared and the edges were smoothened out
using an abrasive sheet. The rectangular green samples were
heated with a rate of 5 °C min™~', and the operating temperature
of the dilatometer was from room temperature to 1500 °C.

Due to large number of batches in the present study, Table 2
is provided showing separate batch codes for the different
spinel batches made without additive (undoped) and those
made with the addition of Sm,O; for clarity.

3. Results and Discussion

3.1 Physico-Chemical Characteristics of Raw Materials
and Sm,0;

The properties of the various commercial grades of alumina
and magnesia used in the present study are given in Table 1. All
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Table 1 Properties of raw materials

Constituents — Raw AL Os, Na,O, Fe,03, Si0,, CaO, MgO, Specific surface area, Average particle size,
materials | % % Y% Y% % % m?/g ©m
AlLOs-A (A) 99.8 0.07 0.02 0.03 0.02 0.05 8.9 0.5
Al,05-C (C) 99.7 0.1 0.03 0.03 0.03 3 2.5
ALO3-R (R) 99.8 0.08 0.02 0.03 0.03 7.2 0.6
MgO light (L) 0.09 0.04 0.01 0.08 1.16 98.31 43.88 0.26
Fused MgO (F) 0.07 0.26 0.22 0.4 1.4 97.35 0.06 28
finer than fused magnesia, the former has a higher reactivity
717wt % ALLO, + 28.3 wt. % MgO and enhanced the spinel formation reaction
(ALO,-A / ALO;-C/ ALO,-R) (MgO-L/MgO-F) p :

Mixing of the contents in Isopropyl alcohol medium (for 30 min)

Overnight drying of the contents at 80 °C in an air oven

Parent batch is obtained which is divided into 5 parts

Parts 2-5: Sm,0; (1-4 wt. %)
containing batches were
prepared by adding required
amount of Sm,0; to the parent
batch followed by mixing and
drying of the contents.

Part-1: without-additive batch

PVA binder solution (4 wt. %) addition (5 % conc.) + Pellet (15
mm dia.) and bar (60 x 6 x 6 mm) pressing at 150 MPa

’ Drying of the green pellets at 80 °C in an air oven for 24 h ‘

V ‘ Sintering at 1550 — 1650 °C for 2 h in a high-temperature furnace

Characterizations: Bulk density, apparent porosity, phase
formation, microstructure, cold modulus of rupture and retained
strength post thermal shock.

Fig. 1 Experimental procedure

the alumina fines used in this research were extremely pure
(= 99.7%) and fine. Alumina-C (dso ~ 2.5 um) was rela-
tively coarser than the other two grades of alumina. So, in
comparison with Alumina-C, Alumina-A and Alumina-R had a
higher specific surface area. Between the grades of magnesia
used, fused magnesia (MgO-F) was much coarser (~ 28 um)
than magnesia-light (~ 0.26 um). So, the specific surface area
of MgO-L (~ 43.88 m*/g) was much higher than that of fused
magnesia (0.06 m*/g). MgO light was relatively purer than
fused magnesia with the latter having higher percentage of
impurities (calcium oxide, silica, ferric oxide, and sodium
oxide). High purity SmyO3 (= 99.9%) with a molecular
weight of 348.72 g/mol was used as additive.

3.2 Phase Identification

The detailed phase analysis study of the spinel batches using
different raw material sources without samarium oxide was
done in our previous work (Ref 42). Only magnesium
aluminate spinel phase (ICDD file no. 01-070-5187) was
obtained for the magnesia-light containing batches (AL, CL and
RL) for all the sintering temperatures (1550, 1600 and
1650 °C), indicating the completion of spinel formation
reaction. Whereas, spinel batches containing fused magnesia
(AF, CF and RF) showed spinel phase (ICDD file no. 01-070-
5187) as major one with little extent of periclase (MgO; ICDD
file no. 00-045-0946) phase. As magnesia-light is considerably
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Phases such as spinel (ICDD file no. 01-073-2210),
samarium aluminate (SmAIO;; ICDD file no. 00-046-0394),
and periclase (MgO; ICDD file no. 00-045-0946) were all
identified in the 1 wt.% Sm,O3-doped spinel batches containing
fused magnesia sintered at 1550 °C (Fig. 2a), while periclase
was not present in the MgO-L based batches with 1 wt.%
Sm,0; sintered at the same temperature. This was presumably
due to the large specific surface area (and hence higher
reactivity) of magnesia light as compared to fused magnesia.
Also, the 1 wt.% additive-containing spinel batches showed
peaks of spinel and SmAIO; only at higher sintering temper-
atures 1600 (Fig. 2b) and 1650 °C (Fig. 2¢). Higher sintering
temperature facilitated greater reactions which likely explains
why the peaks of spinel and SmAIO; phases were relatively
stronger at these temperatures.

Sm,0; reacts with Al,O; and forms a samarium-rich
secondary phase—SmAIO; which has a tetragonal crystal
structure while the crystal structure of the parent spinel is cubic.
In other words, the secondary phase has a crystal structure
comparable to that of the formed spinel in each of the samaria-
containing spinel batches formed at different firing tempera-
tures. The distinct phases observed in the spinel batches, both
additive free and 1-4 wt.% Sm,0O; containing ones, for all the
sintering temperatures (1550-1650 °C) are listed in Table 3.

3.3 Density

The bulk densities (B.D.) of all the spinel batches, both
additive-free and Sm,O;-doped types, sintered at different
temperatures (1550, 1600 and 1650 °C) are shown in Fig. 3. At
1550 °C, the addition of 1 wt.% of Sm,O5; was found to favor
the densification of spinel, while the addition of more amount
of SmyO; (2-4 wt.%) led to reduction in density values
(Fig. 3a). A similar trend in density changes was observed for
the spinel batches sintered at 1600 °C and 1650 °C as shown in
Fig. 3(b) and (c), respectively. For obvious reasons, due to
enhanced diffusion and mass transfer with a rise in sintering
temperature, the B.D. values of all the spinel batches (pristine
as well as Sm,03 doped) sintered at 1650 °C were greater than
those fired at lower sintering temperatures (1550 and 1600 °C).
Careful survey and inspection of Fig. 3 reveal that the spinel
batches in our investigation acquired maximum densification
upon coupling the effects of elevated temperature and a doping
amount of 1 wt.% Sm,03. Thus, 1 wt.% Sm,03; was found to
be the optimized level for densification in the current inves-
tigation.

For the pristine spinel batches, AF, CF and RF revealed
higher B.D. values than their corresponding spinel batches
associated with magnesia light—AL, CL and RL. The preced-
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Table 2 Batch codes used for the additive-free and Sm,03-doped spinel batches

Without-additive batches

Sm,0;-doped batches (where x =1, 2, 3 or 4)

Batch Batch codes Batch Batch codes
Al,O5-A + MgO-L AL A+ L+x% Smy0O3 AL-Sx
AlLO;-A + MgO-F AF A+ F + x % Sm,0;, AF-Sx
Al,05-C + MgO-L CL C+L+x% Smy0O3 CL-Sx
Al,O5-C + MgO-F CF C+F+x % Sm,0;3 CF-Sx
ALO3-R + MgO-L RL R +L +x % Sm,04 RL-Sx
ALO;-R + MgO-F RF R + F + x % Sm,04 RF-Sx

ing phase identification study (Table 3.) already evidenced that
at any given sintering temperature, the spinel batches with
fused magnesia have remnants of periclase; while the spinel
batches associated with magnesia light did not show any trace
of unreacted MgO even at lower sintering temperature
1550 °C. Since specific surface area of MgO light and hence,
its reactivity is more than that of fused magnesia, it stands to
reason that the volumetric expansion in relation to the process
of spinel formation is more in the spinel batches containing
MgO-L which led to a fall in the measured bulk densities.
Consequently, in the additive-free condition, the spinel batches
having MgO-L showed a lower density value than those
associated with MgO-F for all sintering temperatures. Further,
spinel batches associated with Al,03-C ( batches CL and CF),
in both additive-free and additive-containing conditions, had
lower density values than their corresponding spinel batches
associated with the other two grades of alumina (Al,05-A and
Al,03-R). Among the three grades of alumina used, alumina-C
had a relatively coarser particle size (Table 1.) which may have
affected the process of sintering and hence, the density values
for each temperature level.

Samarium aluminate (SmAIlOj3) formed as a second phase is
having a tetragonal crystal structure, which is in close similarity
to the cubic crystal structure of the formed spinel, for all the
sintering temperatures (Fig. 2), which may explain why adding
1 wt.% of Sm,O3 improved the density results. Similarity in
crystal structure configuration has been known to aid in the
process of densification by improving the mass transport
mechanisms and assisting in pore shrinkage resulting in a
matrix with controlled microstructure shrinkage (Ref 43, 44).

Additionally, it is also important to state that in all of the
spinel batches doped with Sm,0O3, some amount of alumina in
the starting Al,O3-MgO-Sm,0O; mix was consumed at high
temperature due to the formation of SmAIO; and the spinel
formed in each case was not entirely stoichiometric, but a little
excess in MgO. Since this extra MgO was so low in
concentration, hence was not detectable in the x-ray diffraction
experiments conducted at high sintering temperatures (1600
and 1650 °C). Oxygen vacancies occur at high temperatures in
spinel compositions having a little surplus of MgO, which aids
in the process of mass transfer and densification (Ref 22, 45).
The defect reaction can be written as follows -

MgAl,O4

3Mg0 " Mgy, + 2Mgh, + 308 + Vi (Eq 1)

It is likely that the interaction between samarium oxide and

alumina increased the quantity of secondary phase (SmAIlO3)
formed when the Sm,O5 content was increased over 1 wt.%. Asa
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consequence, the density of the formed in situ spinel may have
been affected at higher amounts of Sm,0O; by the formation of a
larger number of micropores in the local area (Ref 46).

In accordance with the phase diagram of Al,O5-ZrO,-
Sm,0; system as reported by Lakiza and Lopato (Ref 47), the
interaction between Sm,0O5 and Al,O5 can lead to formation of
compounds such as SmAIO; and SmyAlL,O¢ at 1250 and
1650 °C, respectively. However, in our current investigation,
the phase studies at 1650 °C did not show any peak of
SmyAlL,Og for any additive containing spinel batch. This was
presumably due to the low amount of Sm,0Oj3 additive used in
the present study (maximum concentration = 4 wt.%). This
observation is in agreement with the study carried out by Ma
et al. (Ref 40) wherein Sm,05 as high as 7.5 wt.% was used
and yet no trace of SmyAl,0y was found in the diffraction
patterns.

3.4 Microstructure

Fractographs of spinel batches without any additive sintered
at 1650 °C are depicted in Fig. 4. It appears that the
microstructure of the batches of fused magnesia containing
spinel batches (AF, CF, and RF) is more compact and denser
than that of the batches having magnesia light (batches AL, CL
and RL). According to the density studies, this is in line with
what has been said thus far (Fig. 3c). Also, it seems that there
are less pores in the spinel batches linked to fused magnesia
than in the spinel batches containing MgO-L. It is further
evident from Fig. 4. that the densification process was affected
in the spinel batches containing finer magnesia light because
the process of spinel formation (and hence volume expansion)
was more extensive in these batches than that of fused
magnesia containing batches.

Back-scattered images (fractographs) of spinel batches
having 1 wt.% Sm,O; and fired at 1650 °C are shown in
Fig. 5. In comparison with equivalent additive-free spinel
batches sintered at the same temperature (Fig. 4), the grain
structure in these fractographs is more uniform. The formation
of a samarium-rich secondary phase, samarium aluminate
(SmAIQg; tetragonal), with a comparable crystal structure to the
in situ generated mag-al spinel (cubic), may account for the
density increase. These SmAIO; phases (seen as white phases
in the micrographs) seem to act as grain-growth barriers across
the grain-boundaries of the produced spinel, thereby controlling
the growth of spinel grains and aiding in stabilizing the spinel
grain boundaries. This, in turn, might result in enhanced
mechanical performance.

Fractographs (both undoped and 1 wt.% Sm,0Os-doped
spinel batches sintered at 1650 °C) along with their corre-
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Fig. 2 Phase identification study of spinel batches doped with 1 wt.% Sm,Oj; fired at (a) 1550 °C (b) 1600 °C (c) 1650 °C

Table 3 Phases obtained in the various spinel batches sintered at different temperatures

Phases identified (Magnesium aluminate Spinel = S; Periclase = MgO; Samarium aluminate = SmAIO;)

Spinel batch 1550, °C 1600, °C 1650, °C
AL S S S

AF S, MgO S, MgO S, MgO
CL S S S

CF S, MgO S, MgO S, MgO
RL S S S

RF S, MgO S, MgO S, MgO
AL-S1 S, SmAIO; S, SmAIO; S, SmAIO;
AF-S1 S, MgO and SmAIO; S, SmAIO; S, SmAIO;
CL-S1 S, SmAIO; S, SmAIO; S, SmAIO;
CF-S1 S, MgO and SmAIO; S, SmAIO; S, SmAIO;
RL-S1 S, SmAIO; S, SmAIO; S, SmAIO;
RF-S1 S, MgO and SmAIO; S, SmAIO; S, SmAIO;
AL-S2 S, SmAIO; S, SmAIO; S, SmAIO;
AF-S2 S, MgO and SmAIO; S, SmAIO; S, SmAIO;
CL-S2 S, SmAIO; S, SmAIO; S, SmAIO;
CF-S2 S, MgO and SmAIO3 S, SmAIO; S, SmAIO;
RL-S2 S, SmAIO; S, SmAIO; S, SmAIO;
RF-S2 S, MgO and SmAIO; S, SmAIO; S, SmAIO;
AL-S3 S, SmAIO; S, SmAIO; S, SmAIO;
AF-S3 S, MgO and SmAIO; S, SmAIO; S, SmAIO;
CL-S3 S, SmAIO; S, SmAIO; S, SmAIO;
CF-S3 S, MgO and SmAIO; S, SmAIO; S, SmAIO;
RL-S3 S, SmAIO; S, SmAIO; S, SmAIO;
RF-S3 S, MgO and SmAIO; S, SmAIO; S, SmAIO;
AL-S4 S, SmAIO; S, SmAIO; S, SmAIO;
AF-S4 S, MgO and SmAIO; S, SmAIO; S, SmAIO;
CL-S4 S, SmAIO; S, SmAIO; S, SmAIO;
CF-S4 S, MgO and SmAIO; S, SmAIO; S, SmAIO;
RL-S4 S, SmAIO; S, SmAIO; S, SmAIO;
RF-S4 S, MgO and SmAIO; S, SmAIO; S, SmAIO;
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Fig. 3 Bulk densities of the different spinel batches (without additive and Sm,0O3 doped) fired at (a) 1550 °C

samaria-doped specimens. Microstructures and the correspond-
ing EDS spectrums of AL and CL indicate that the grains are

sponding elemental analyses are illustrated in Fig. 6. In the

current investigation, only a small number of samples were
chosen for elemental analyses due to the large number of spinel

batches. From the batches that did not contain any additives,

largely spinel grains (S) indicated by the presence of elements

Al, Mg, and O.

Samarium-rich phases can be identified by their white color

and the presence of the elements like Al, Mg, O and Sm, as
seen in spots C, D, and E of the fractographs of AF- S1, CL-S1,

AL and CL were chosen to serve as representative samples,

whereas the spinel compositions—AF-S1, CL-S1, and RF-
S1—were chosen as representative samples among the 1 wt.%
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Fig. 4 Fractographs of mixed oxide spinel batches without additive fired at 1650 °C (a) AL (b) AF (c¢) CL (d) CF (e) RL and (f) RF. (S

represents spinel grains.)

and RF-S1, respectively. The gold coating applied to the
fractured samples before the microstructural analysis is realized
by the peaks in all of the EDS spectra at a voltage
of ~ 2.1 keV (Fig. 6).

The following observations may be drawn from the
preceding microstructural, density and phase studies. There
are two possible explanations why the addition of samaria
resulted in density improvement. One, in sifu generated
SmAIO; and the spinel matrix have a very similar crystal
structural arrangement (Ref 46). Furthermore, it is possible that
the secondary phase developed separately from the Mag-Al
spinel phase due to direct interaction between Sm,0O; and
Al,0O5 particles in the mixed powders during sintering. X-ray
diffraction analyses reveal that samaria do not enter the spinel
structure but forms a separate and distinct compound with
alumina (SmAIOj3). This SmAIO; exists as a secondary
intergranular phase, mostly along the spinel grain boundaries.
To put it another way, the SmAIlO; phase has a “pinning” effect
on the spinel grains, preventing them from enlarging. In spinel,
this samarium-rich phase was found in various pockets at multi-
grain junctions. A possible result of this could be improved
mechanical properties (Ref 48).

Journal of Materials Engineering and Performance

3.5 Mechanical Properties

The above studies suggest that 1 wt.% of Sm,O3 was the
optimal quantity of additive in the current study. For this
reason, both additive-free (0 wt.%) and Sm,0O5-doped (1 wt.%)
spinel batches sintered at 1650 °C were subjected to a series of
bulk property tests, including cold strength test (3-point
bending strength test carried out at ambient temperature) and
estimation of residual strength after thermal shock treatment.

3.5.1 Cold Modulus of Rupture (CMOR). The addition
of 1 wt% Sm,O; clearly improves the CMOR (flexural
strength) values of the undoped spinel batches (Fig. 7). The
microstructural alteration brought about by the inclusion of
Sm,0; and the formation of a secondary phase, samarium
aluminate, improved the densification and resulted in a rather
uniform grain structure as a result of pinning effect. This
controlled microstructure with relatively smaller grains in the
samaria-doped spinel batches (as observed from Fig. 4 and 5)
led to improved flexural strength than the additive-free spinel
batches (Ref 49, 50). According to Quan et al. (Ref 41),
samarium aluminate (SmAIO;) may improve mechanical
characteristics by stabilizing grain boundaries and limiting the
movement of spinel grain boundaries (Ref 41). Some other
reports are also available on the literature on the mechanical

Volume 33(9) May 2024—4653



Fig. 5 SEM fractographs (back-scattered mode) of 1 wt.% Sm,O5-doped spinel batches sintered at 1650 °C (a) AL-S1 (b) AF-S1 (c) CL-S1 (d)

CF-S1 (e) RL-S1 and (f) RF-SI

characterization of samarium aluminate (Ref 51, 52).

3.5.2 Thermal Shock Behavior. Spinel refractories often
experience thermal fatigue during service conditions. They
undergo a number of thermal cycles leading to stress build-up
in the material which then finally leads to failure. Quenching
into a liquid medium such as water often introduces a large
thermal gradient in the test specimens as opposed to air-
quenching. Since the specific heat of water is greater than the
specific heat of air, water as a quenching medium has the
capability to induce more severe thermal shocks in the test
specimens and its effects may be realized with even with fewer
number of quench cycles. In the present study, water was used
as the quenching medium. After undergoing thermal shock
treatment, the absolute (in MPa) and percent strength retain-
ment values of spinel batches (additive-free and samarium
oxide (1 wt.%)-doped spinel batches) are illustrated in Fig. 8(a)
and (b), respectively, plotted in relation with the number of
quench cycles (maximum of 8 thermal cycles). For simplicity,

4654—Volume 33(9) May 2024

the values of retained strength for additive-free (undoped)
compositions are connected with dotted lines, and for batches
doped with 1 wt.% Sm,O3; with solid lines.

As can be seen in Fig. 8(a) and (b), the addition of samaria
improves the strength retention capacity. Even after two heat
cycles, the residual strength of the additive-free samples was
very low, and there was a significant decrease in retained
strength values across all spinel batches. All batches experi-
enced strength deterioration even when samaria was present;
however, the decline was greatly mitigated, leading to
improved strength retention.

One possible explanation for this enhancement is that the
development of SmAIO;, with similar crystal structure to spinel
and presence of SmAIO; at the grain junctions restricting
growth, leads to better sintering, which in turn improves
densification and strength by acting as a barrier to the
propagation of cracks. Better strength retention capability has
also come from the presence of the samarium aluminate phase
at intergranular sites, which has limited crack migration caused
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by thermal stress. The SmAlO; phase may have contributed to
the enhanced thermal shock resistance by delaying the failure
of the samples significantly. The SmAIO; phase helps make
this possible by partially filling pores and stabilizing the spinel
grain boundaries. The higher densification and strength of the
samaria-doped spinel batches has led to improved thermal
shock resistance and a better strength-retaining capacity (Ref
42, 53).
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All spinel batches follow a similar pattern of decreasing
strength retention. Overall, CL had the lowest strength retention
capacity of all spinel batches tested, regardless of whether or
not the batch included samaria. After 8 heat cycles, CL
maintained a retained strength of 6.1 MPa, or 18.2%, but in the
presence of samaria (CL-S1), this value increased to 28.13%.
The low density and CMOR value of CL batch may account for
its poor strength retention capacity. The strength of all the other
spinel batches doped with samaria even after 8 quench cycles
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was between 50 and 53%. Furthermore, for all the additive-
containing spinel batches, the drop in retained strength values
was much minimized after 4 or 6 quench cycles.

3.6 Thermal Expansion Study

The previous sections on density, strength and thermal
shock studies elucidate that batch AF-S1 gave the optimum
results, and therefore, the thermal expansion study of batch AF-
S1 and its corresponding additive-free batch (AF) is discussed
in the current section. Figure 9(a) represents the dimensional
changes of the additive-free (AF) and samaria containing (AF-
S1) batches with respect to temperature, while Fig. 9(b)
represents their corresponding shrinkage rates (in °C~'). The

4656—Volume 33(9) May 2024

Flexural strengths of the different spinel compositions (additive-free and 1 wt.% Sm,O; containing) sintered at 1650 °C

composition AF showed expansion (0.98%) up to 1243 °C,
while the Sm,Oj3 containing sample AF-S1 showed expansion
(0.91%) up to 1155 °C. This similar expansion behavior is
quite obvious in both the cases, and this behavior may be
attributed to the formation of magnesium aluminate spinel from
the constituent oxides since the ratio of MgO: Al,O5; was fixed
(1:1) in both the compositions. Further, the dimensional
changes (shrinkage) associated with samaria containing batch
AF-S1 were more than that of AF at 1500 °C due to better
sintering (Fig. 9a).

The plot of shrinkage rate versus temperature (Fig. 9b) may
be divided into two regimes. The first regime refers to the
region where shrinkage rate is positive and is called the
expansion zone, while the second regime where the shrinkage
rate is negative or sintering process is dominant is called the
contraction zone. The sintering process and the formation of
spinel are both thermally activated solid state processes, but
occur at different temperatures. Spinel formation begins at a
relatively low temperature, while the process of sintering does
not begin until much higher temperatures are reached. As a
result, the shrinkage caused by the densification of the ceramic
at higher temperatures compensates for the initial expansion
caused by spinel formation. It is evident that addition of
samarium oxide has lowered the temperature at which shrink-
age begins (1155 °C) as compared to the additive-free batch
(1243 °C). Incorporation of Sm,0O; into spinel composition
accelerated the densification process, which becomes dominat-
ing above 1155 °C. In other words, samaria promoted early
sintering by 88 °C in the AF system. Further, the additive-free
batch could reach a maximum shrinkage rate of
1.5 x 107* °C™" while the samaria containing composition
showed a higher shrinkage rate of 2.38 x 107 *°C™' at
1500 °C.
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4. Conclusions

The current study examines the effect of Sm,05 addition, in
concentrations ranging from 1 to 4% by weight, on the density,
phase formation and mechanical characteristics of various
spinel batches prepared from various commercially available
raw materials. The key takeaways from the present study are as
follows:

1. Spinel batches with magnesia light had lower density val-
ues than those with fused magnesia at all sintering tem-
peratures (1550-1650 °C).

2. Spinel bodies containing Al,O3-C had lower density val-
ues across all spinel batches, in both additive-free and
Sm;,05-doped conditions, compared to those containing
Al,O3-A or Al,Os-R, the latter two of which had finer
alumina particle sizes.

3. Spinel batches doped with 1 wt.% Sm,0O3 had improved
density and a more controlled grain structure due to the
formation SmAIO; secondary phase with a similar crystal
structure arrangement as spinel (cubic).

4. The spinel compositions doped with 1 wt.% Sm,0; out-
performed their undoped counterparts in cold-strength as
well as residual strength after thermal shock treatment.
Due the development of SmAIO;, spinel grain boundaries
were stabilized, resulting in increased densification and
strength and enhanced thermal shock behavior.
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