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Mg,Si04-MgAl,O, eutectic ceramics have been fabricated by means of the laser floating zone (LFZ) technique.
The microstructure has revealed as an unusual one at lower growth rate, composed of broken lamellae of
MgAl,0, distributed randomly along one matrix, composed of Mg,SiO,4. At higher growth rates, a cell structure
with intra-cell lamella structure is dominant. Contrary to most eutectic systems, hardness is not dependent upon
the inter-spacing, but it does depend on one characteristic length of lamellae: their perimeter. One simple model

based upon the dislocation is proposed, which successfully accounts for such extraordinary hardness law.
Accordingly, Mg,SiO4-MgAl,O, eutectic ceramics fabricated at 50 mm/h growth rate with the smallest MgAl,O,
lamella perimeter favorably showed more elevated hardness (13.4 GPa from Vickers indentation and 15.3 GPa
from nanoindentation) and strength (~430 MPa) than those found in the monolithic Mg,SiO4 matrix.

1. Introduction

There is a growing demand of forsterite (Mg,SiO,4) ceramics to be
used in a myriad of electronic applications due to its low dielectric
constant and loss tangent. Moreover, it is one of the well-known bio-
ceramics thanks to its reasonable biocompatibility and better mechan-
ical properties when comparing with hydroxyapatite. Furthermore,
forsterite is a classical refractory ceramic that is commonly used owing
to its chemical stability and excellent insulation properties even at high
temperatures. However, the main drawback of this ceramic is the fab-
rication of dense forsterite bodies and its negative influence on me-
chanical properties [1-9]. It can be found in the literature that by
conventional sintering techniques like pressures-less sintering, for-
sterite possesses a low relative density around 90-93% with low
hardness of 7 GPa and excessive grain growth is observed. Regarding
fracture toughness, it depends on the experimental method: a value as
low as 2.4 MPam'/? is obtained making use of notched beams and
bending tests while it goes up to 5 MPam'/? by means of the indenta-
tion fracture toughness technique. Several authors doubt about this
improvement and claim that it is a mere artifact because of remaining
porosity [2-6].

A substantial purpose for the development of forsterite ceramics was
recently demonstrated to improve sinterability, physicomechanical
properties, strength and mechanical performance. To reach fully dense
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forsterite, some new sintering techniques like two step sintering and
spark plasma sintering (SPS) also were tried and the improvement in
sinterability to relative density of 98.5-99% and hardness values up to
10.8 GPa with indentation fracture toughness of ~4 MPa m'/? attained
[7-9]. Another alternative to overcome with these limitations of for-
sterite was through addition of second phase and the most preferred
one that can be sintered in an oxidizing atmosphere and withstand high
mechanical strength at elevated temperatures, high chemical inertness,
and good thermal shock resistance was magnesium aluminate spinel
(MgAl,04) [10-13]. Previous studies confirmed the positive effects of
spinel phase on the mechanical properties of forsterite ceramic. It is
shown that the formation of spinel phase strongly improved sinter-
ability (relative density of 99%) and hardness (12.45 GPa) of forsterite
bodies and the value of 3.2 MPa m'/? for indentation fracture toughness
was reported [13]. Through this strategy Mg,SiO4,-MgAl,O,4 eutectic
ceramics was also considered [14]. In the only preliminary found study,
it is shown that directionally solidification allowed fabricating fine-
microstructured Mg,SiO4-MgAl,O, eutectic ceramics. However, no data
of any property was reported in this study [14].

Concerning little works have done with Mg,Si04-MgAl,O, eutectic
ceramics, so this study aims at preparation and investigation of im-
proved ceramic composites based on Mg,Si04-MgAl,O, eutectic com-
position with variable growth rates and evaluate the possible beneficial
effect of different growth velocities on their microstructure as well as
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their mechanical properties.
2. Experimental procedure

The starting materials were commercially available Al,O3; powder
(Sigma-Aldrich, 99.99%), MgO powder (Sigma-Aldrich, > 99%) and
SiO, (Mateck GmbH, 99.99%). MgO powder was dried in a furnace at
1200 °C for 12 h to remove the possible moisture absorption from out-
side air [15]. The eutectic point of Mg,SiO4 and MgAl,O, appears at
71 wt% Mg,SiO,4 and 29 wt% MgAl,O4 and its melting temperature is
around 1720 °C that can be obtained by mixture of 48.79 wt% of MgO,
30.08 wt% of SiO, and 21.13 wt% of Al,O3 [14,16]. Precursor rods of
~2.5mm in diameter and up to ~5 cm in length were prepared by cold
isostatic pressing for 5min at 200 MPa followed by pre-sintering in a
furnace at 1300°C for 12h. Furthermore, Mg,SiO, and MgAl,O4
monolithic ceramics were prepared for comparison.

Growing the eutectic rods by directional solidification from the melt
using the laser-heated floating zone (LFZ) method with a CO, laser [17]
was chosen to fabricate all ceramics explained before. The pre-sintered
rods were then grown by LFZ in N, with a slight overpressure of
0.1-0.25 bar with respect to ambient pressure, to avoid the appearance
of gas inclusions in the solidified rod [18]. In all cases using three-
growth steps of diameter reduction at growth rate of 300 mm/h fol-
lowing with the last growth step without diameter reduction and using
a variable growth rate between 10 and 500 mm/h were performed to
evaluate its effect on the densification, microstructure and mechanical
properties of the resulting Mg,Si04-MgAl,O, eutectic ceramics. A
nominal laser output power of 25 W has been used in the last step to
maintain a constant feed and very small molten zone. Three first steps
were performed in contra-rotation of the crystal and precursor with
50 rpm and the last one was without rotation and eutectic rods of
~1mm in diameter and up to ~20—30 cm in length were fabricated.
Regarding Mg,SiO, and MgAl,O4 monolithic ceramics, they were fab-
ricated by the LFZ method, too. Later cases were grown using only one-
growth step of mild diameter reduction at growth rate of 250 mm/h to
eliminate porosity and they were grown later with the growth rate of
50 mm/h.

The transverse cross-sections of the grown eutectic rods were first
cut, ground and polished to a 0.25pum finish. Additionally, all were
characterized microstructurally by a field emission scanning micro-
scopy (FE-SEM) (model Merlin, Carl Zeiss, Germany) with an EDS mi-
croanalysis system INCA350 from Oxford Instruments. Microstructure
observations were done from transverse sections using the back-scat-
tered emission (BE) mode on carbon coated-polished surfaces.

Finally, mechanical properties were studied by Vickers-indentation
tests (Matsuzawa MXT70 micro-hardness tester) applying a load of
4.9N for 155 on cross-sections of eutectic rods to evaluate Vickers
hardness and indentation fracture toughness with at least fifteen tests
[19,20]. The micro-hardness of Mg,SiO, and MgAl,O4 monolithic
ceramics were also measured by applying a load of 4.9N. Na-
noindentation tests (Agilent Technologies G200, U.S.A. equipped with a
Berkovich indentor with a tip radius of 120 nm) at 250 mN with con-
stant loading rate of 0.5 mN/s were done as well, to measure hardness
and elastic modulus from loading-unloading curves. At least 50 ac-
ceptable tests were performed for each sample and the statistically
analysis and considering the average makes us sure that measured
hardness and elastic modulus values are correct. The flexural strength
of the rods of 1 mm in diameter in longitudinal direction was measured
by flexural tests carried out in a three-point bending test fixture of
10 mm loading span in Instron testing machine (Instron 5565). At least
ten tests were performed at constant crossheads speed of 0.05 mm/min.

3. Results and discussion

Fig. 1 compares representative transverse cross section images of
the Mg,SiO4-MgAl,0O,4 eutectic ceramics grown at different velocities
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without rotation. In Table 1 the microstructural properties obtained
from the analysis of the SEM images are summarized. By EDS analysis,
the grey matrix was detected to be forsterite and light grey embedded
phases were spinel. The microstructural characteristics from analysis de
SEM images are listed in Table 1.

The presence of the porosity was an undesired feature for those
grown at a growth rate lower than 50 mm/h. Furthermore, at the lowest
growth rates of 10 mm/h, the relative density was ~92% with the
highest percentage of porosity (Fig. 1 A) and a well-aligned eutectic
structure, the usual one, could not be observed (Fig. 1(A), inset). The
reason why the most usual eutectic structure was rarely obtained in this
system at the slowest growth rates is unknown. This result was reported
before in literature [14]. When increasing the velocity to 25 mm/h, the
microstructure approached to regular and homogeneous MgAl,O4
broken lamella phase in a continuous Mg,SiO, matrix with a lower
percentage of porosity and relative density of ~98% (Fig. 1(B)). The
relative orientation of the two phases must be < 100 > because this
one minimises the elastic energy induced by the lattice misfit. This
statement was reported elsewhere [14]. The perimeter of the MgAl,O4
phase was estimated as 2 X (width + length) and more than 100 la-
mellae were considered in all cases. This parameter was around
10.4 pum, for Mg,SiO4-MgAl,O, eutectic ceramics grown at 25 mm/h. At
50 mm/h growth rate, the microstructure was totally consisted of finer
lamellae randomly distributed in the matrix while pores were rarely
seen, and relative density is about 100% (Fig. 1(C)). At this velocity,
Mg,AlO, lamellae with perimeters of 7.6 um (Fig. 1(C), were dis-
tinguished. At higher velocities, such as 300 or 500 mm/h, a cell
structure was completely dominant with a diameter of cell about 46 and
26 um, respectively (Figs. 1(D) and (E)). Lamellar pattern within the
cells with perimeter of 20.8 um and 8.8 um were estimated for velocities
of 300 and 500 mm/h, respectively. In both velocities, some tiny pores
were observed in cell boundaries and relative density is very close to
the theoretical one. A new grey phase at the cell boundaries that EDS
microanalysis showed to be composed of mainly O, Ca and some trace
of Al, Si and Mg elements were found, too. This one seems to be a
consequence of the segregation of impurities towards the melt upon
solidification from the starting powders.

As it is well known, the eutectic system fulfills the Hunt-Jackson
condition and the interspacing (A) depends on the growth rate (V) ac-
cording to the typical quadratic law of A.=cV ~'/? where c is one con-
stant [21]. The evolution of A as a function of the growth rate V is
plotted in Fig. 2. As expected, the higher the growth rate the smaller the
interspacing, and the interspacing distance decreased to values as low
as 500 nm for growth rates of 500 mm/h. The value of c that is obtained
from Fig. 2, is equal to 5.14 um®? s~1/2,

Micro-hardness and indentation fracture toughness of the eutectic
rods and Mg,SiO4 and MgAl,0, monolithic ceramics were determined
from Vickers micro-hardness tests. Table 1 lists the average micro-
hardness measured on the transverse cross-section of Mg,Si04-MgAl,04
eutectic rods grown at different velocities. They were within the range
11.0-13.5 GPa, except the one grown at 10 mm/h that showed a much
lower average value of hardness (8 GPa) because of the large presence
of porosity in the microstructure and much lower relative density.
Furthermore, the ordered eutectic microstructure that can harden ma-
trix in more efficient way was not observed at this velocity. Comparing
with the value of hardness for Mg,SiO4 monolithic ceramics as a matrix
(7.5 GPa), significant improvement of hardness was obtained through
Mg,Si04-MgAl,0, eutectic ceramics, particularly the one grown at
50 mm/h (13.4 GPa) and it approached to the value of hardness for the
MgAl,0,4 monolithic ceramic (16.7 GPa). There is no clear dependence
of hardness values with the interspacing, contrary to the common be-
havior of the improved hardness with the smaller interspacing (higher
velocities) in fibrous eutectic ceramics [17]. The important micro-
structural feature controlling hardness is a lamella characteristic length
associated to the size. We will adopt the perimeter since the smaller
MgAl,0, lamella perimeter, the more efficient for Mg,SiO, matrix
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Fig. 1. Representative FE-SEM micrographs of Mg,SiO4-MgAl,O4 eutectic ceramic in transverse section by LFZ grown at (A) 10, (B) 25, (C) 50, (D) 300 and (E)
500 mm/h. For image (A), the inset shows higher magnification to see MgAl,O, phase distribution.

hardening (Table 1).

This result can be rationalized by means of a classical model based
upon the elastic theory of dislocations which has also been used for the
interaction with small cracks and planar structures [22]. Certainly, the
lamella array cannot be regarded as a dislocation array at all. However,
the long-range stress field in the vicinity of one lamella can be modelled
as the field created by a continuous density of screw dislocations. The
screw character is required to ensure the rotation symmetry along the
longer axis of one lamella. This modelling procedure has been ex-
tensively used in literature for other mesoscopic microstructures, such
as small cracks commented above. The lamellar structure gives rise to
an internal stress which can be calculated as follows: let us model the
lamella as an array of continuous parallel straight screw dislocations
aligned along the lamella axis. The total number of screw dislocations is
represented by n. The thickness of the array is stood by 21. It is im-
portant to emphasize that this distance is the effective thickness of the
array which would provide the same stress as the real lamella, but it not
the real thickness of that one. Any dislocation intending to overcome

one lamella must surround it and bow a typical length x =~ p/27, with p
being the lamella perimeter. Assuming a constant dislocation density
equal to p = n/2l the stress in excess that one dislocation must over-
come to surround a lamella would be given by:

1
if ubp dy=“—lmln(x+l)=“—bpln(1+ 21 )
27 X—y 27 x—1 27 x—1

= “—bpln 1+ _dnl_
2 p — 2l 1

Where p is the shear modulus of MgAl,O, (approximately equal to
109 GPa) [23], b the burgers vector of the dislocations in this material,
b55.6f§, with a lattice parameter in a cubic structure a=8 A [24], the
contribution of the dislocations to hardness (H) is given by:

H:HO+’M—bnln 1+47ﬂl
47l p—2nl

@

Where H, is the intrinsic hardness of the matrix (i.e. hardness without
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Table 1

Average transverse microstructural features and mechanical response by Vickers indentation, nanoindentation and three-point bending tests in Mg,SiO4-MgAl,0,4 eutectic ceramics grown at various rates by LFZ method.

Flexural

Nanoindentation for transversal

Vickers indentation for

Relative

Interspacing (um) Microstructural feature size

Growth

Material

strength (op)
(MPa)

sec. with load of 250 mN (GPa)

transversal sec. with load of 4.9 N

(HVO0.5)

density (%)

rate (mm/

h)

Cell (um)

Lamella (um)

Interacell (lamella structure)

Individual
cell size

2 x (width + length)

Length

Elastic

Hardness

Hardness (GPa) Toughness

2 x (width + length)

Length

modulus

(MPa m'/?)

8.0 = 0.9
11.2 = 0.7

13.4

92.4%
97.7%
100%
99.2%
99.6%
100
100

10
25

Mg,SiO,-

120 = 1 223 * 13

3.5 + 03
3.5 £ 03
25 * 03
25 + 0.5
1.7 = 0.1

2.5

2+ 13 104 * 28

3.1 = 0.4

21 = 0.4
1.1 = 0.2
0.7 £ 0.2
0.5 + 0.2

MgAl,04

430 + 90

240 = 20

1

115 £ 1

12.6
20.6 = 0.5

+

15.3

0.5

+

7.6 £ 2.8

50
300
500
50
50

239 + 25
242

109 + 0.6

11.6

10.0 + 2.3 20.8 = 5.0

4.5 = 0.9

45.7 = 4.5

240 + 65

16

+

1

+

0.9

+

8.8 = 2.0

25.6 = 2.6

309 £ 5

16.7 = 0.8

7.5

MgAl,O4

197 = 39

104 + 2

0.3

+l

+

Mg,SiO,
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Fig. 2. Inter-spacing versus inverse square root of growth rate for Mg,SiO4-
MgAl,O, eutectic ceramics.

Fig. 3. Hardness versus dependence. The continuous line is the fitting to the
theoretical prediction displayed in Eq. (2). Such fitting provides values for
Ho210.6 GPa, n~100 and 2x/~7.53 um. The regression factor is r=0.998.

lamellae). The value of n can be obtained through a fitting of the ex-
perimental results to this law. This one is displayed in Fig. 3. The
agreement is excellent, with a regression factor r = 0.998 and one value
of 21=22.39 um. Our fitting provides a value of n=100. This value is
consistent if we consider that the displacement induced by the full set of
dislocations is of the order of nb~560nm. On the other hand, the
number of unit cells (N) of MgAl,O, along an array of length 21 is N=21/
823 x 10%. Since Mg.SiO,; has an orthorhombic structure with
a'~=4.75 10\, b'>10.20 A and ¢'=~5.98 A [25] the smallest misfit § along the
interface would be given for 8¢ — a~—2.02A. The accumulated
mismatch along such array would be N6=605 nm, which in the order of
magnitude of the displacement calculated previously.

Fracture toughness was determined from the length of the cracks
caused from the Vickers indentations. Although the indentation method
is not considered appropriate for the absolute determination of fracture
toughness [26] it is adequate to compare the values obtained from
samples grown at different rates and to provide an estimation of the
fracture toughness. Fig. 4(A) and (B) present well-defined cracks from
indentation imprints for Mg»SiO4-MgAl,O,4 eutectic ceramics grown at
50 mm/h and 500 mm/h, respectively. In the case of Mg,SiO4-MgAl,04
eutectic ceramics grown at 50 mm/h, some evidence of weak interface
between Mg,SiO, and MgAl,O4 and crack deflection was observed
(Fig. 4(C)) while crack propagation was trans-granular and the straight
propagation of the crack through the eutectic structure was observed at
grown rates as high as 500 mm/h (Fig. 4(D)). However, no important
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Fig. 4. (A-B) Cracking pattern and (C-D) crack propagation detail of the Mg,SiO4-MgAl,0, eutectic ceramics grown at 50 and 500 mm/h under an indentation load of

4.9N, respectively.

improvement was obtained in the mean value of indentation fracture
toughness with either growth rate or lamella perimeter and all of them
were around 2.5-3.5 MPa m'/?(Table 1).

In order to reduce the influence of the microstructural defects like
pores and micro-cracks inside the grown rod, hardness and elastic
modulus were measured by nano-indentor for Mg,SiO4,-MgAl,O4 eu-
tectic ceramics grown at variable velocities and the values are listed in
Table 1, too. Higher values of hardness by nano-indentor compared
with Vickers from the same rods is a common fact reported before [27].
The same trend with lamella perimeter was observed and it reached to
~15 GPa for eutectic ceramics grown at 50 mm/h growth rate with the
smallest lamella perimeter of 7.6 um. Regarding elastic modulus, the
value is ~220—240 GPa independent of solidification rate, although
there is a narrow scatter. This behavior is expected because the volume
fractions of the phases are the same for all growth rates and elastic
modulus value is the representative of the both phases bonding mag-
nitude. This value is comparable with elastic modulus calculated by the
rule-of-mixture model (E Mg,SiO4 = 140—200GPa [28], E
MgAl,O4 = 290 GPa [29], therefore estimated E Mg,SiO4-MgAl,O4
eutectic (73:27 vol% = 225 GPa).

Three-point bending tests were performed on eutectic ceramics
grown at 50 and 500 mm/h at room temperature to study the evolution
of the mechanical properties with microstructure. Table 1 lists the
average bending strengths (of) for these two velocities. The bending
strength decreased as the growth rate increased from 430 MPa at
50 mm/h to 240 MPa at 500 mm/h. This former value was twice higher
than that of 203 MPa previously reported in the literature for mono-
lithic Mg,SiO4 [6] and it approached to the values reported for fine-

grained SPS’ed spinel [30].

Although higher interspacing was found for the one grown at
50 mm/h, higher values of o; can be correlated to the homogeneous
dispersion of fine Mg,AlO,4 lamellae in the Mg,SiO4 matrix. While for
the one grown at 500 mm/h, weak inter-cells regions which probably
contain pores and microcracks and more importantly larger lamellae
act as the stress concentrators which nucleate the crack and resulted in
lower value of strength. The fracture surface of the eutectic grown at
50 mm/h was rough at a microscopic level (Fig. 5A and 5A inset) and
this may be due to the deflecting at interfaces or other defects. How-
ever, more flat fracture surface was observed for the Mg,SiO4-MgAl,O4
eutectic ceramic grown at 500 mm/h, indicating that the crack propa-
gated along a straight path with less efficient deflecting at the interfaces
(Fig. 5B and 5B inset).

4. Conclusions

Mg,Si04-MgAl,0O, eutectic ceramics have been grown by laser-he-
ated floating zone (LFZ) method. At lower growth rates of 25 and
50 mm/h, the microstructure was composed of lamellae of MgAl,O4
distributed on a dominant MgSiO4 matrix with random orientation of
those lamellae. Increasing growth rates to 300 mm/h and higher, the
microstructure transformed and the cell structure was completely
dominant with lamellar pattern within the cells. Hardness, fracture
toughness and flexural strength have been studied. It was found that the
highest hardness (13.4 GPa from Vickers indentation and 15.3 GPa from
nanoindentation) and strength (~430MPa) can be obtained for
Mg,Si04-MgAl,0, eutectic ceramic grown at 50 mm/h growth rate
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Fig. 5. Fracture surfaces of Mg,SiO4-MgAl,O4 eutectic ceramics grown at (A)
50 mm/h and (B) 500 mm/h after bending testing at room temperature. For
both images, the inset shows higher magnification to see more details in mi-
croscopic level.

with the smallest MgAl,O, lamellae. As a remarkable achievement, it is
reported that hardness depends on the average perimeter of lamellae.
Such result has been explained in terms of a dislocation-based model
based upon the residual stress induced by the presence of lamellae.
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