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ABSTRACT

MgAl2O4 is a ceramic material used for transparent armor. This application requires an excellent densification during sintering that can be achieved using additives such as LiF and CaO. The purpose was to study their effects, separately and in combination, on MgAl2O4 densification. In this work, samples containing these sintering additives were hot pressed at 1550oC for 1h under 35 MPa. The additive concentration was 1.5 wt% for all samples. It is worth pointing out the role played for each additive separately. While LiF facilitates liquid phase sintering (LPS) due to its low melting point, CaO triggers solid state sintering (SSS) because of its higher melting point. Although LPS usually leads to better densification, the results showed that CaO addition yields denser samples. This can be due to grain size pinning caused by second phases precipitated along the grain boundaries that inhibits grain growth during sintering and thus enhances densification.
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INTRODUCTION
The currently employed ballistic armor systems are usually made of materials layers. The first and frontal layer, initially receiving the projectile, is constituted of a high hardness ceramic material. It is designed to break and to deform the projectile tip during its impact against the armor system target. This greatly reduces the projectile penetration power. The subsequent layers work not only to promote additional resistance, but also, and mainly, to absorb the projectile remaining kinetic energy. Polymeric materials use to be a good option for such application, since they are able to mitigate the generated stresses due to thermal expansions mismatches. In the case of transparent armor the target increasingly thickness causes both transparency loss and optical distortions. These deleterious effects are often to occur in the glasses based transparent armors. Also, when the level of threats increases, thicker target layers become necessary which leaves the target heavier and loosing mobility. The magnesium aluminate spinel arises as an alternative of solution for transparent target, since it provides transparency and protection without the necessity of increasing thickness and weight. In addition, this ceramic exhibits excellent mechanical properties, such as high hardness. In order to guarantee enough transparency, many factors are required and very low porosity is one of them. It is clear that it requires a much better densification behavior under hot pressing and sintering. This can only be accomplished by using appropriated additives of sintering1 that will reduce the fraction of remaining residual pores preventing them of light scattering and consequently loss of transparency. The literature has reported both LiF and CaO as suitable sintering additives candidates for MgAl2O42. This work addresses the combined effect of using the referred additives together on the spinel densification behavior upon sintering. The obtained results are then compared with those of using each additive separately.         
EXPERIMENTAL PROCEDURES
Materials and Methods
Magnesium aluminate powder from American Elements was the ceramic used in this work, and its as-received chemical composition is presented in Tab. 1, which shows that the total amount of impurities was lesser than 1 wt%.  The LiF additive was purchased from B. Herzog Company, with 98% of purity, and the CaO additive was obtained from Isofar Chemical Products, with 95% of purity.
Tab 1: As received MgAl2O4 Chemical Composition
	Compounds
	Percentage (wt%)

	Al2O3
	73.3683

	MgO
	25.8100

	Na2O
	0.3605

	CaO
	0.2484

	SiO2
	0.1226

	Fe2O3
	0.0668

	TiO2
	0.0150

	K2O
	0.0084

	Total
	100.000


Tab. 2 presents the properties of the used materials. Preliminary tests were performed by using conventional sintering in order to optimize the percentage of addition to be used throughout the spinel processing. This value was defined as 1.5 wt%, which is a value situated in the range usually adopted in the literature for the magnesium aluminate processing. This addition was kept constant and the addition composition varied as outlined in Fig. 1 below:
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Fig. 1. Additive compositions
The addition composition purpose was to investigate the concomitant effect of the additives in the spinel densification as compared with each additive working separately. Each composition addition was wet mixed to MgAl2O4 with 2 wt% of polyethylene glycol as binding. The mixtures were initially uniaxially cold pressed into 10 mm of diameter and 6 mm of thickness and then hot pressed in a furnace from Thermal Technology under an inert argon atmosphere using 35 MPa of pressure at temperature of 1550oC during 1 hour. Graphite refractory die and punches were used and boron nitride paint was employed for taking the ceramic out of the die easier. A total of ten samples were investigated being two samples for each of the five tested compositions.
Tab. 2. Properties of the Ceramic Materials
	Properties
	Ceramic Material Property Values

	
	MgAl2O4
	LiF
	CaO

	Crystalline Structure
	FCC
	FCC
	FCC

	Melting Point (oC)
	2135
	845
	2572

	Purity (%)
	99.8
	98.0
	95.0

	Density (g/cm3)
	3.580
	2.635
	3.350

	Refraction Index
	1.69738
	1.38427
	1.8370

	Particle Size (µm)
	1 - 5
	-
	-


The hot pressed samples were characterized by density using Archimedes’ method, mechanical properties of hardness and KIc using Vickers indentation3, as well as microstructural properties such as grain size from linear intercepts and phase determinations by DRX. 
RESULTS AND DISCUSSION

Densification Results 

The average density obtained after hot pressing varied from 3.47 g/cm3, for samples having higher amount of LiF additive, to 3.55 g/cm3, for compositions richer of CaO additive. The obtained densities as percentages of the theoretical density, of each composition, are shown both in Fig. 2. Therefore, it was observed that CaO additions exhibited slightly better capacity for densification. This behavior may be due to the solid state sintering process which predominated for CaO addition as a result of its higher melting point4,5,6 when compared with that of LiF7,8. On the other hand the LiF addition, because of its lower melting point, enhanced the liquid phase sintering process, which also favored easier grain growth. Considering the competition between densification and grain growth mechanisms during the sintering process9, when one of them is favored, the other is restricted, and it may explain the reason why CaO addition has showed better densification performance. The liquid phase sintering occurring with LiF addition favored a better grain growth when compared with solid state sintering provided by the CaO addition. Also, phase precipitations of calcium nitrate and tricalcium aluminate along the grain boundaries occurred in the compositions richer in CaO, as revealed by DRX. It worked by pinning the grain boundaries preventing them of growing and favoring densification.
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Fig. 2. Densification behavior of hot pressed MgAl2O4 with additions of CaO and LiF.
Results of Mechanical Properties
There are two fundamental mechanical properties which are of great interest for materials to be employed as armor protection materials, such as the MgAl2O4. They are: Hardness and Fracture Toughness. The harder is the ceramic layer, better will be its power of destroying the projectile tip as well as the target protection performance. Vickers microhardnesses were measured for the hot pressed MgAl2O4 with addictives, and the results are shown in the Tab. 3. The obtained microhardness results for MgAl2O4 showed that they are within a range from 12 to 14 GPa, which are in agreement with the values measured by others researchers for this material. This hardness value is highly desired in order to provide an adequate target protection behavior. Also, the hardness behavior is a result of the densification behavior of this spinel, which was satisfactory.
Tab. 3.Vickers Microhardnesses Results for Hot Pressed MgAl2O4 with Addictives

	Addictive Composition (%CaO)
	Microhardness (GPa)
	Standard Deviation

	0
	13.11
	1.35

	25
	13.47
	1.35

	50
	14.13
	0.66

	75
	14.20
	1.17

	100
	12.88
	1.78


 The results of fracture toughness for the hot pressed MgAl2O4, obtained by Vickers indentation and the Evans and Charles(3) equation are presented in Tab. 4  as a function of the additive composition. They indicated that as the amount of CaO additive increased, higher was the measured KIc values. This behavior revealed an enhancement of the ceramic energy absorption, as well as smaller critical defect size for ceramic failure in the case of the compositions with high contents of CaO. 
Tab. 4.  MgAl2O4 Fracture Toughness Results

	Addictive Composition (% CaO)
	KIc (MPa . m1/2)

	0
	2.17

	25
	2.26

	50
	2.79

	75
	2.86

	100
	2.95


 Results of X-Ray Diffraction (XRD)
Fig. 3 shows the XRD results for the composition having 75% CaO as addictive in the spinel.
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Fig. 3. X-ray Diffractogram of spinel containing addictive composition of 75% CaO.
This results showed peaks of boron nitrate, which was used as unmolding material after hot pressing , as well as the tricalcium aluminate phase. The major phase was that of spinel. The tricalcium aluminate phase precipitated along the spinel grain boundaries, and it pinned the grain boundaries favoring the densification10,11 and preventing the grain growth. That is the expected behavior for solid state sintering during its final step to guarantee better densification or efficient pore elimination. This effect was corroborated by the spinel grain size results as explained as follows. 
Results of Grain Size

Grain sizes were measured by using the linear intercepts technique. The results are given in Tab. 5. Fig. 4 presents an optical micrography of hot pressed spinel containing addictive composition of 75% of CaO. The grain size morphology exhibited an aspect approximately uniform, without preferential grain growth. According to the results, the grain size became smaller when the amount of CaO increased in the addictive compositions. It proved the role played by the presence of CaO which promoted tricalcium aluminate phase precipitation along the grain boundaries pinning them and keeping the average grain size smaller12. 
Tab. 5. Average Spinel Grain Size as a Function of Addictive Composition

	Addictive Composition (%CaO)
	Average Grain Size ( µm )
	Standard Deviation

	0
	152.32
	31.76

	25
	161.94
	54.27

	75
	123.08
	32.51

	100
	133.78
	30.20
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Fig. 4. Optical micrography of hot pressed MgAl2O4 with 75wt% CaO addictive composition.
Also, for all addictive compositions, the average grain size was larger (above 120 µm) which is desirable for transparency since the grain boundary is a source of light scattering. In addition, the ceramic dynamic fracture toughness gets better for larger grains. Considering that the fragmentation process involves nucleation, growth, and coalescence of microcracks, and that the grain boundary is a preferred site for crack nucleation, larger grains will nucleate a smaller number of microcracks and the fragmentation resistance will be better. 
CONCLUSIONS

1. Calcium oxide developed solid state sintering while lithium fluoride trigged liquid phase sintering.
2. Additive CaO was better than LiF for MgAl2O4 densification, under hot pressing
3. By increasing CaO in the addictive composition the spinel density increased above 99% of its theoretical density.

4. CaO in the addictive composition favored the precipitation of phases in the grain boundaries which contributed favorably to the spinel densification.
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