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Abstract 

One main challenge for transparent armour systems is to enhance the protection against specific threats 
and at the same time to reduce the weight. In recent years, Mg-Al spinel ceramic has been in the spotlight 
due to its advantages such as a large transparency range (UV, visible and mid-IR) and good mechanical 
properties. The aim of this work was to control the state of agglomeration of powder to improve the 
densification behaviour and consequently the optical and mechanical properties of the ceramics. 
Commercial powder with a small particle size was used and in the as-received conditions its poor flowability 
was found to be detrimental to its shaping and led to a translucent ceramic with an opaque rim. Therefore, 
the powder was granulated by spray drying and the influence of the molecular mass of added polyethylene 
glycol on the granulate size, compaction and finally sintering behaviour was investigated. Particular 
attention was paid to the difference in rheological behaviour between powders, which was carefully 
characterized with a FT4 powder rheometer. Sintering of powder with a controlled agglomeration ultimately 
resulted in transparent ceramics with an In-Line Transmission that reached 71% at λ = 650 nm, compared 
to 3% for ceramics obtained with the unmodified powder. 
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1. Introduction 

Transparent magnesium aluminate spinel (MgAl2O4) ceramic combines good optical and mechanical 
properties making it a material of choice for missile domes, laser ignitors and ballistic transparent 
protection [1–4]. Magnesium aluminate spinel has a high melting point of 2135 ◦C, a high mechanical 
strength even at elevated temperatures, a high hardness of 16 GPa, a good chemical inertness and a low 
density, 3.58 g/cm3 [5, 6]. The high strength and wide transparency range (UV, visible and mid-IR) of 
spinel ceramic require a highly dense microstructure without pores, impurities, or secondary phases [7]. 
The residual porosity should be less than 0.01vol% with a pore diameter below 100 nm to avoid scattering 
effect in the ceramic and to obtain a transparent spinel [7–9]. Indeed, porosity is highly detrimental to 
transparency as demonstrated by Benameur et al. who reported a reduction of In-Line Transmission (ILT) 
at 600 nm from 70% down to 10% as the porosity increased from 0.02% to 0.2% [10]. 

To completely eliminate porosity and obtain transparent spinel ceramics, it is generally necessary to 
use pressure-assisted sintering techniques such as Hot Pressing (HP) [22–25] or Spark Plasma Sintering 
(SPS) [9, 24–27], or to apply a post-treatment by Hot Isostatic Pressing (HIP) [8, 11–21]. Even if the 
sintering step is very important, all the different manufacturing process steps have to be thoroughly 



controlled to obtain fully dense ceramics. Thereby shaping of the powder plays a crucial role and 
moreover, it is important to optimize the powder to obtain a homogeneous green body that leads to a 
highly transparent ceramic [8, 17, 18]. 

In order to obtain good mechanical properties, in particular high hardness, it is necessary to 
have a fine microstructure [43,44]. Indeed, a diminution of the grain size, below 10 µm, increases 
hardness following the Hall-Petch's law, as was successfully demonstrated on spinel ceramics by 
Krell et al. [43] and Sokol et al. [44]. Consequently, a fine and therefore reactive powder should 
ideally be selected to reach with the objective of developping fully dense ceramic with fine final 
grain size. Nonetheless, such very fine powders are known to be difficult to densify and in particular 
one of the main issues lies in their shaping into dense and homogeneous green bodies [8]. In 
general, the electrostatic behaviour of a fine ceramic powder limits its compaction by the formation of large 
and heterogeneous agglomerates [28]. An approach to remedy this situation and to obtain a good 
compaction could be to voluntarily agglomerate the powder in a controlled manner by granulation [29]. 
Esposito et al. used polyethylene glycol (PEG) with different molecular weights, between 200 and 600 
g/mol, as a binder to granulate YAG nano powders into agglomerates of 2-10 µm. Granulation improved 
flowability, which allowed the preparation of uniform green bodies and resulted in a more homogeneous 
sintering [29]. Highly transparent ceramics were finally obtained with an increase of the ILT from 58% to 
63% at 700 nm and of the final density from 4.58 g/cm3 to 4.76 g/cm3. 

 
The purpose of the present work is to control the granulation of a very fine commercial spinel powder with 
the use of PEG as a binder to produce fine grain and fully dense ceramic. The impact of granulation on 
powder shaping and sintering behaviour is studied and its effect on the final microstructure and transparency 
quality is discussed. 
 

 
2. Experimental 

S25CRX MgAl2O4 spinel powder from Baikowski (France), especially designed for the study, exhibits 
an average particle size of 0.22 µm (d50) and a specific surface area (SBET) of 38 m2/g (supplier data). 
Phase composition was characterized by X-Ray diffraction (XRD) analysis, using a D8 Advance (Bruker) 
X-ray diffractometer from 10 to 100°2ϴ with a time per step of 1 s and a step size of 0.009°2ϴ. Crystalline 
phases were determined thanks to the EVA software. This powder will be named Reference hereafter. 

Slurries containing 20wt.% of MgAl2O4 powder in absolute ethanol and 1wt.% polyethylene glycol (PEG) 
relatively to the mass of spinel powder, were prepared in a beaker with a magnetic stirrer. Three different 
molecular weights of PEG were considered: PEG 200, 400 and 600 (Rotipuran, Carl Roth). Granulation of 
the powder was done by using a Mini Spray Dryer B-290 (Buchi) equipped with an Inert Loop B295, under 
the following conditions: inlet temperature=120 °C, feed rate=15% and aspiration rate=90%. 

The spray dried powders with PEG200, PEG400 and PEG600 are named in the following P200, P400 
and P600, respectively. The rheological behaviour of Reference and granulated powders was studied by a 
FT4 powder rheometer (Freeman Technology) using 25 mL vessels and standard testing methods. The 
Stability Index (SI), Basic Flowability Energy (BFE), Specific Energy (SE), Permeability, Conditioned Bulk 
Density (CBD), Tapped Density (TD) and Compressed Density (CD) were determined. 

The powder rheometer is equipped with a blade driven in a helical movement within the vessel containing 
the powder which is characterized. During this operation, the energy required to maintain a constant rotation 
speed was measured by recording the torque and the applied vertical force. Before each measurement, a 
conditioning step was conducted where the blade performed a down/up cycle at constant speed. This first 
step ensured better reproducibility of the measurements [31]. Each test was carried out at least three times 
with an identical powder mass, previously homogenized, in order to obtain good reproducibility of the 
measurements. 

 
The Basic Flowability Energy (BFE) is measured by the energy required to establish a particular flow 

pattern in a conditioned volume of powder when the blade went down, and thereby to move the powder. 
The Specific Energy (SE) was measured by the energy required to establish a particular flow pattern in 

a conditioned volume of powder when the blade went up.  
The test necessary to measure BFE and SE was conducted 7 consecutive times. The Stability Index (SI) 

was calculated as the ratio of the energies required for the down displacement of the first and of the last 
cycle. A SI close to 1 corresponds to a stable powder.  

The Permeability translates the ability of the powder to allow a flow of air to pass through it. It was 



evaluated using a special base that allows to apply a flow of air through the powder bed from the bottom to 
the top at a constant speed of 2 mm/s. Increasing stresses were then applied by a piston to the powder bed 
and pressure drops across the powder bed were measured. For the comparison, the experiments were 
carried out with always the same starting volume of powder.  

 
The densities CBD, TD and CD correspond to the densities of the powder in the different states. The 

CBD was calculated after the powder conditioning step (a preliminary down/up cycle of the blade at constant 
speed, as mentioned before) by simply dividing the powder mass by the apparent volume of the powder bed. 
The TD was measured the same way but after 50 tapping of the vessel containing the powder. The CD was 
measured after the application of a 15 kPa normal load.  

 
Green bodies were prepared following a 2-steps process, i) uniaxial pressing under 50 MPa with an 

automatized universal press (5500-K9400, Instron) and ii) cold isostatic pressing (CIP) at 300 MPa (ACB). 
Organic binders were removed by a thermal treatment at 800 °C for 1 h in air [32] using a heating rate of 5 
°C /min. Textural properties were determined by nitrogen (N2) physisorption and mercury (Hg) intrusion. N2 
physisorptions at 77 K were carried out by means of an Accelerated Surface Area and Porosimetry system 
(ASAP 2020, Micromeritics, USA). Prior to the analyses, the samples were degassed at 250 °C under 
vacuum for 10 h. The specific surface areas (SBET) were calculated according to the Brunauer-Emmett-Teller 
(BET) method within the 0.05–0.25 relative pressure range. Hg intrusion porosimetry technique (Autopore 
IV Micromeritics, USA) was used to determine the porosity of samples.  Analyses were performed on pieces 
of broken samples to explore porosity in the core and on the surface of the samples. Assuming that the 
pores are cylindrical the applied pressure can be converted into the pore diameter by using the Washburn 
equation (1): 

 
r = -2. γ.cosθ /P          (1) 
 
where P is the pressure required to force mercury into a pore of radius r, γ is the surface tension of 

mercury (485 dynes/cm) and θ is the contact angle (130°) between mercury and material. 
 
Thereafter, samples were sintered in a high vacuum furnace (Lilliput, ECM Technology) for 2 h at 1350 

°C and a heating rate of 10°C per minute. Based on the molecular weight of the PEG added to the powder, 
sintered ceramics are named in the following Sp200, Sp400 and Sp600, respectively and SpRef for the 
Reference powder. Sintered ceramics were then post-treated by hot isostatic pressing (HIP, EPSI Inc.) at 
1450 °C under an argon pressure of 190 MPa, for 3 h with a heating rate of 3.3°C per min. These conditions 
of HIP were chosen according to the literature, with a temperature 100 °C above the sintering temperature 
[45]. 

 HIP post-treated SpRef, Sp200, Sp400 and Sp600 ceramics will be named in the following study HRef, 
H200, H400 and H600 (Table 1). Finally, the dense ceramics were mirror- polished on both sides with an 
AutoMet300, (Buehler) by using polishing disks of 35 µm, 15 µm, 9 µm and 3 µm and finally a 
vibratory polisher with a diamond solution of 1 µm vibratory polisher (VibroMet2, Buehler). 

Densities were determined by hydrostatic weighing in distilled water calculating the average of values 
from three measurements for each of the three samples, according to the Archimedes method (EN 623- 2). 
Microstructures were observed on polished samples by scanning electron microscopy (SEM Nova 
NanoSEM 450, Thermo Fisher) using a Circular Backscatter Detector. The agglomerate and grain sizes 
were calculated by the average of 50 random measurements in four different observation areas with a total 
of 200 measurements (Feret diameter) by using ImageJ software (National Institutes of Health). The error 
was calculated by the standard deviation. In-Line Transmission was recorded from 300 nm to 3000 nm with 
an UV-VIS-IR spectrophotometer (Cary 7000 UMS, Agilent Technologies) and transmission results were 
normalized in respect to a final thickness of 2 mm [33]. 
 

3. Results and discussion  

3.1. Reference spinel powder 

XRD confirmed Mg-Al spinel (JCPDS 01-72-7232) as the major phase in the Reference MgAl2O4 powder 
(Figure 1 A), but the presence of MgO phase (JCPDS 01-089-7746) was also detectable. The MgO 



percentage was determined by EVA software to approximately 4vol%. SEM observation (Figure 1 B) re-
vealed non-spherical agglomerates which are composed of particles of 46±12 nm. Calculation of the 
spherical particle size (DBET) based on the specific surface area (38 m2/g) gives a diameter of 44 nm, which 
is thus consistent with our observations, by using the equation (2): 

 
DBET = (6.103 )/(ρ.SBET)         (2) 

 

Where ρ is absolute density of the spinel (3.58 g/cm3) and SBET is the specific surface area. 

 

3.2. Compaction and sintering of the Reference powder 

The green body relative density for the Reference powder was 48% and after sintering at 1350 °C 
density increased up to 95%. A white opaque ceramic was obtained after sintering, with an ILT at 650 nm 
close to zero. 

The MgO phase could no longer be detected by XRD after the sintering step (not shown here). This 
indicates that MgO reacted with previously Mg-poor spinel during the sintering step, which led to 
stoichiometric spinel phase. An Al2O3/MgO ratio of 0.98 was claimed by the powder supplier and ICP 
measures conducted during this study confirmed this value. 

 
SEM observations of the Reference ceramic (SpRef) revealed a homogeneous microstructure and small 

average grain size of 0.8 ± 0.3 µm. Nevertheless, the presence of numerous pores in the ceramic was 
observed, as shown in Figure 2 C.  

 
HIP post-treatment led to a further increase of relative density, from 95% to 98%. The fine microstructure 

only slightly increased to 1.2 ± 0.3 µm. As indicated by density measurements, intergranular porosity was still 
present in the ceramic shown in Figure 2 D. Regarding the optical aspect of the ceramic, the core became 
translucent, while the rim remained opaque (Figure 2A and B). This optical difference between rim and core 
was assigned to the amount of porosity, which was much higher in the rim part. This observation was 
confirmed by the SEM images in Figure 3, where the rim presents a higher level of porosity compared to the 
core of the sample. The origin of this phenomenon is explained in the literature by the presence of a stress 
gradient during uniaxial compaction [34–36]. This phenomenon is exacerbated when using powders with very 
small particle size. The visual aspect transcribes the poor compaction and rearrangement ability of the 
Reference powder. 
 
3.3. Characterization of granulated powders 

After spray drying, observations of the powders by SEM (Figure 4) revealed spherical agglomerates 
with sizes depending on the used PEG molecular weight. The agglomerate sizes of P200 and P400 
powders were 12 ± 2 µm and 9.5 ± 1.5 µm, respectively. P600 powder exhibited two types of agglomerate 
sizes: a larger one of 8.5 ± 0.5 µm and a smaller one of 3.8 ± 0.9 µm. A decrease of the agglomerate size 
with the PEG molecular weight can be noticed. This observation is in agreement with the observation of 
Dobre et al. that the diameter of the agglomerates (D) after spray drying is inversely related to the viscosity 
of the suspension as shown by equation (3) where σ corresponds to the superficial tension of the spinel 
in the solvent (N/m), ρ to the density of the spinel (kg/m3), µ to the dynamic viscosity of the slurry (kg/m.s), 
f the frequency of the spray dryer nozzle (Hz) and A a constant [37]. Here, the viscosity increases with the 
molecular weight of PEG. 

 

𝐷5 = 𝐴
𝜎3

𝜌𝜇2𝑓4
          (3) 

The data of powder rheology measurements are summarized in Table 2. The stability, meaning that 
neither agglomeration nor attrition of the powder took place during manipulation, was evaluated. The low 
value (<1) of the stability index (SI) for the Reference powder displayed an unstable behaviour, tending to 
deagglomeration. The Reference powder is a very fine and electrostatic powder that forms soft 
agglomerates which were destroyed during the test. The processed powders P400 and P600 are stable 
(SI 1 ± 0.05) due to the spray drying and the binder that led to the formation of stronger agglomerates, 
which were conserved during stability test. P200 powder, being on the limit with a SI around 0.90, is 
considered as unstable. There are probably weak bonds between the powder particles inside the 



agglomerates. 

 
Next to the stability determination, Basic Flowability Energy (BFE) was found to reach a value of 108 mJ 

for the Reference, while for the three spray dried powders a lower BFE of around 50 mJ was measured. 
This difference can be attributed to the controlled agglomeration of the powder by spray drying. Indeed, the 
spherical shape of agglomerates after spray drying resulted in a decrease of friction and mechanical 
resistance within the powder bed and allowed a better sliding. In the Reference powder, as the agglomerates 
are of irregular shape (Figure 1b), the friction and mechanical resistance are stronger and thus more energy 
is needed to move the powder. Moreover, due to agglomeration the Reference powder is denser than the 
spray dried powder and hence more powder has to be moved. Focusing on the modified powders, small 
differences can also be highlighted. The powder spray dried with PEG600 exhibited a higher BFE value than 
the powders spray dried with PEG200 and 400. The higher BFE of the P600 powder value can be explained 
by a bimodal distribution of agglomerate size, while P200 and P400 powders show a mono-modal 
distribution of round-shaped agglomerates resulting in a better sliding behaviour [38]. Concerning the specific 
energy (SE), the Reference and the treated powders exhibited energies between 7 and 10 mJ/g, 
corresponding to a moderate cohesion. However, the SE of the Reference powder was slightly higher than 
that of the treated ones with ~10mJ/g compared to 7-8 mJ/g which indicates a better flowability of the spray 
dried powders. 

 
The compaction behaviour of the various powders was studied by comparing the Conditioned Bulk 

Density (CBD) corresponding to the apparent density of powder, with the Tapped Density (TD), i.e. the 
density after mechanical tapping (50 times) and the Compressed Density (CD) measured after applying 
a 15 kPa normal stress on the powder. The results are summarized in Table 3. 

 
The Reference powder had the highest bulk density (CBD) with 0.24 ± 0.01 g/mL. The processed 

powders had lower bulk densities with 0.19 ± 0.01 g/mL for P200, 0.21 ± 0.01 g/mL for P400 and 0.22 ± 
0.01 g/mL for P600. The CBD values of the powders were relatively close to each other. The Reference 
powder had the highest bulk density, while P200 had the lowest. In addition, an increase of CBD was 
seen with increasing molecular weight of PEG, possibly due to the decrease in the size of the 
agglomerates, leading to a better arrangement of the powder. The Reference powder had also the highest 
TD with 0.30 ± 0.01 g/mL, while the treated powders had a TD of 0.26±0.01 g/mL. However, this 
observation was reversed during compression under 15 kPa. Indeed, the density of the Reference powder 
only increased to 0.40 ± 0.01 g/mL during compression whereas the density of P200 and P400 powders 
reached a CD of 0.43 ± 0.01 g/mL and the one of P600 surpassed the other powders after compaction, 
with a CD of 0.44 ± 0.01 g/mL. This corresponds to a density increase of over 50% of spray dried powder 
compared to the Reference powder. A large porosity is supposed to have been present between the 
spherical agglomerates, which explains the loosely packed bulk powder bed resulting in the lower CBD. 
This was particularly visible for large agglomerates of P200 powder, which created larger porosity. 
Subsequently, the tapping allowed a rearrangement of the agglomerates, which led to an increase in 
density. However, there was always more porosity left in processed powders. On the contrary, under 
normal stress, the agglomerates of the spray dried powders underwent deformation, which reduced the 
size of the large inter-agglomerate pores and allowed to obtain denser compacts for the three modified 
powders [39]. 

 
Complementary to compression tests, the permeability of the powder was characterized. Indeed, 

a powder with a high compressed density (CD) should have a low permeability, as less porosity is present. 
The results are presented in Figure 5. The Reference powder had a higher permeability at 15 kPa (1.15 
± 0.01 cm²) compared to granulated powders with permeability values of 0.46 ± 0.03 cm² for P200, 0.54 
± 0.01 cm² for P400 and 0.55 ± 0.06 cm² for P600 powders. The lower permeability of modified powders 
showed a strong dependence between compression and reduction of air channels. The densities at 15 
kPa (CD) were higher for granulated powders, the primary particles were therefore better organized and 
better compacted than in the Reference powder. This explains why air could be evacuated less easily and 
therefore the weaker permeability. 

 
Powder characterization by FT4 powder rheometer allowed to illustrate the evolution of rheological behaviour 

and to highlight differences between the Reference powder and the spray dried powders. Granulated powders 
exhibit a better overall behaviour, which will be discussed in more details in the discussion section. 



3.4. Green bodies of spray dried powders 

A density of ∼49% was determined for green bodies of spray dried powders, which is slightly higher 
than the density of the green body of Reference powder (48%). Specific surface areas of 35 m2/g were 
determined for all powders considered in this work. This result is consistent with the fact that powders 
consist of similar primary particles. 

 

Regarding the Hg porosimetry analyses, an average pore size and a total pore volume of 29 ± 1 nm 
and 0.27 ± 0.01mL/g, respectively, were determined for all green bodies, making it difficult even 
impossible to distinguish to each other (Figure 6). This total pore volume is in line with the apparent 
density of 49% calculated previously.  

 

3.5. Sintering and HIP post-treatment of PEG-powders 

After sintering, Sp200, Sp400 and Sp600 ceramics reached densities of 98%, 99% and 98%, 
respectively. In contrast, and as mentioned above, the SpRef exhibited a density of 95%. 

All obtained ceramics showed a homogeneous microstructure and intergranular porosity (Figure 
2 and Figure 7). Sp200 presented a grain size of 0.8 ± 0.3 µm, similar to SpRef. By increasing the 
PEG molecular weight, the grain size after sintering increased. For Sp400 a grain size of 1.6 ± 0.5 
µm and for Sp600 a grain size of 2.8 ± 0.8 µm was determined. Moreover, the Sp200 ceramic 
revealed more pores than the Sp400 and Sp600 ceramics. 
 

After HIP, the Reference ceramic showed a core/rim aspect (Figure 2), which was explained above by a 
porosity gradient within the ceramic, due to non-uniform compaction. For the H200 ceramic a transparent 
rim could be distinguished (Figure 8 A2) but the core of the ceramic had a cloudy aspect. In contrast, the rim 
totally disappeared for H400 and H600 and the transparency of both ceramics was found to be of higher 
quality (Figure 8 B2 and C2). 

H200 ceramic reached a density of 99% while both H400 and H600 can be considered as fully dense. 
Nonetheless, despite the full or near full apparent densities of the ceramics, a low amount of residual pores 
was observed from SEM observations (Figure 9). SEM analyses also revealed homogeneous 
microstructures for the three HIPed processed ceramics with a slight increase of the average grain size 
compared to the Reference. Indeed, for the HRef, average grains size of 1.2 ± 0.3 µm was determined while 
values of 2.2 ± 0.6 µm, 3.5 ± 1.1 µm and 4.4 ± 1.6 µm were found for the H200, H400 and H600 samples, 
respectively. 

 
ILT measurements were carried out and confirmed the previous optical observations. At λ = 650 nm, an 

ILT of 71% was reached for H600, 64% for H400, 21% for H200 and only 3% for the Reference ceramic 
(Figure 10). At 300 nm, the transmission values of Reference and H200 ceramics were close to zero, 
whereas an ILT of ∼30% was measured for H400 and H600. Opacity of the Reference and H200 ceramics 
at 300nm indicates the presence of small pores, as pores have a higher impact on transparency at 
wavelengths close to the pore size [10, 16]. Between 1800- 3000 nm, all ceramics have an ILT over 70%, 
which is in agreement with the absence of very large pores confirmed by SEM (Figures 2 and 9). 
3.6. Discussion 

 
The powders were first compared based on their rheological behaviour. BFE and SE are directly 
linked to the physical properties of the powder such as particle size, distribution and shape, and 
therefore their specific surface areas. The four powders coming from the same starting powder, the 
primary particles are identical and thus if any differences in their behaviour can be identified, it will 
necessarily find its origin in the agglomeration state. The modified powders showed better 
flowability behaviours according to the BFE and less friction within the powder bed according to the 
SE (Figure 4). Granulated powders exhibit better compressibility with higher CD and this is 
confirmed by lower permeability. 
 The controlled agglomeration thus led to a better rearrangement of particles when a low load of 15 
kPa was applied to the powders.  
 

Densities obtained during rheology measurements and after cold isostatic pressing show 
clearly that it is difficult or even impossible to compare the compaction behaviour of the powder at 



such very different applied pressures (15 kPa vs 300 MPa). From a macroscopic point of view, only 
the apparent density of the four samples are compared but from a microscopic point of view it is 
really difficult to conclude on the influence of rheology properties on the green bodies properties 
since characterizations of green bodies microstructure is complex. Indeed, pore size and 
distribution were expected to be much more homogeneous in the green body of spray dried 
powders than in the Reference powder [40, 47], but no clear differences could be highlighted at the 
green body stage. Nonetheless, an applied pressure of 15 kPa corresponds to the first instants of 
pressing and thus even if the rheological properties, different for Reference and spray dried 
powders, induce modifications in the compaction ability, the characterizations were carried out after 
an applied pressure higher for 3 orders of magnitude. Yet, a difference in the homogeneity and 
porosity distribution in the green body should be identified thanks to the optical aspects of the 
sintered ceramics. No difference in the characterization of the green bodies was observed, contrary 
to the final results. However, a difference in the porosity of the green bodies, between the core and 
the rim of the treated samples, cannot be totally excluded. 

 
Nevertheless, the use of granulated powders clearly allowed to increase the density of the 

ceramics after the sintering step, from a density of 95% for the Reference to 98-99%. So, although 
no difference could be detected between green bodies prepared from treated or untreated powders, 
the spray-drying treatment clearly had an effect on the overall densification and the homogeneity 
of the ceramics. Granulated powders may be subject to an easier rearrangement during thermal 
treatments. This beneficial effect of rearrangement was also observed in other studies when lithium 
fluoride (LiF) was used as a sintering aid. Indeed, LiF leads to an improved sinterability, as it 
induces the formation of a liquid phase during densification, which is favourable to the 
rearrangement of particles [48-52]. This phenomenon takes place during early stage sintering [50], 
so liquid PEG may play a similar role at the very beginning of thermal treatment (during debinding 
treatment). 

In addition, microstructures of all the materials were found to be different in terms of 
average grain size. It was already reported in the literature that the agglomeration state can 
influence grain growth during the sintering step [41, 42]. According to the authors, an increase of 
the agglomerate size is accompanied by a decrease of the shrinkage rate and finally an increase 
of grain growth is observed. This present study showed that the biggest agglomerates were 
obtained using the lowest PEG molecular weight, which led to a ceramic exhibiting smallest 
average grain size. 

 
After post-HIP, the best results were obtained with PEG600 in terms of density and optical 

quality. The elimination of intergranular porosity in the ceramics after HIP post-treatment made it 
possible to obtain transparent (H400 and H600) or translucent (H200) ceramics (Figure 8). The use 
of granulation has shown an increase in grain size related to the molecular weight of PEG. So, the 
molecular weight of the binder clearly had an effect on the microstructure of sintered ceramics. It 
has to be noted that even if the grain size increased with the use of PEG, the grain size in all the 
final ceramics is still small compared to results published in the literature [11, 13, 19] with a grain 
size of less than 5 µm, for similar optical quality (normalized to the same thickness of 2 mm). Maca 
et al. proposed the sintering of a commercial spinel powder at 1500 °C and obtained a RIT of 60% 
(for a 1.1 mm thickness) with a grain size of 1 µm [11]. Although the grain size value is very 
attractive, the transmission is too low for transparent, ballistic protection application. Ramavath et 
al. succeeded in reaching an ILT value of 83% (normalized to a thickness of 2 mm) between 400 
and 800 nm with sintering of the powder at 1650 °C [13]. However, these ceramics have an average 
grain size between 40 and 50 µm, which is beyond the limit value of 10 µm set in the literature with 
Hall-Petch's law [43,44]. Finally, Goldstein et al. presented a ceramic which has been sintered at 
1480 °C with an ILT of 81% (normalized to a thickness of 2 mm also) between 400 and 800 nm 
and a grain size of 8µm [19]. These results are more in agreement with a ballistic application, with 
an ILT greater than 70% and a grain size less than 10 µm.  

 
The results presented in this study make the approach very promising from the grain size 

point of view considering the average value measured about 5 µm and the fact that the sintering 
parameters were fixed and not optimized. The developed ceramics exhibit grain size lower by a 
factor of 2 compared to Goldstein et al. [19] while their ILT is still compatible with the targeted 



ballistic protection application. In addition, the heat treatment temperatures are lower than those 
used in the literature, with similar or even better results. 

 
 

4.  Conclusions 
 
Transparent MgAl2O4 spinel ceramics were fabricated by uniaxial pressing, followed by CIP and 
densification by conventional sintering and post-HIP. Fine powder is generally reactive, but leads 
often to porosity and heterogeneous samples because shaping and processing can be challenging. 
Here, we demonstrated that the controlled agglomeration of a fine spinel powder is an easy method 
to significantly improve optical quality and obtain transparent ceramics with fine final average grain 
size. On the one hand, spray-drying with polyethylene glycol led to an improvement of the powder 
rheology behaviour. Nonetheless even if the improvement of the rheological behaviour makes the 
green body more homogeneous, the characterizations carried out did not allow to highlight any 
benefit of these improvements, probably due to the fact that characterizations were done after the 
application of a high uniaxial pressure compared to the pressure applied during rheological 
behaviour evaluation. On the other hand, the use of various molecular weights of PEG was studied 
and a clear influence of the molecular weight on optical quality of the final ceramic was illustrated. 
As the PEG molecular mass increased, the optical quality of samples improved to achieve high 
transparency for PEG600. 
The spray drying treatment made it possible to improve the transparency of the ceramics and even 
the homogeneity of the ceramic, by reducing the core/rim aspect. These results are promising: the 
granulation made it possible to use very fine powders, which should allow to improve the 
transparency while limiting the final average grain size. Although differences, at the green body 
stage, could not be demonstrated by the characterizations of the samples, the final visual aspect of 
the different ceramics clearly indicates that spray drying, and thus rheological behaviour of the 
powder, strongly influenced the overall shaping process. Please notice that the starting powder 
used in the study was specifically developed and has not been the subject of other studies. A simple 
treatment on the Reference powder, which is very fine and very hard to shape, finally lead to a 
substantial improvement of the optical quality. 
Further improvements of transparency and microstructures might be possible by optimizing HIP 
post-treatment conditions. This study is a first step towards the control of very fine powder to develop 
fully dense and fine gran size transparent ceramics which are expected to exhibit higher mechanical 
performances. 
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Figure 1: XRD patten (A) and SEM picture (B) of the Reference spinel MgAl2O4 powder. 



 

Figure 2: Observations on light table and by SEM of 
the Reference spinel powder after sintering SRef (A and C)  
and Reference spinel powder after post-HIP HRef (B and D) 

 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 

Figure 3 : SEM pictures of the core and 
rim of the Reference spinel MgAl2O4 

powder after HIP 



 

Figure 4: SEM pictures of the spray dried powders P200 (A), P400 (B) and P600 (C) 
 
 

 

Figure 5 : Permeability at 15kPa of Reference spinel powder, spray dried powder with PEG200 
(P200), spray dried powder with PEG400 (P400) and spray dried powder with PEG600 (P600) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 

 

 

 

Figure 6 Pore size distributions of green bodies of Reference powder, P200, P400 
and P600 green bodies determined by Hg porosimetry intrusion method 



 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 7: SEM pictures of sintered spinel samples (A) spray dried powder with PEG200 (P200), (B) spray 
dried powder with PEG400 (P400) and (C) spray dried powder with PEG600 (P600) 

 
 

 
 
 
 
 
 
 
 
 
 

 

 

Figure 8: Pictures on light table of (top) sintered ceramics obtained with spray dried powders 
prepared with PEG200 (Sp200, A1), PEG400 (Sp400, B1) and PEG600 (Sp600, C1) and (bottom) 
HIPed ceramics obtained with spray dried powders prepared with PEG200 (H200, A2), PEG400 

(H400, B2) and PEG600 (H600, C2). Defects are indicated by yellow arrows 



 

 

 

 

Figure 9 SEM pictures of HIPed spinel samples obtained with (A) spray dried powder prepared 
with PEG200 (H200), (B) PEG400 (H400) and (C) PEG600 (H600). Pores are indicated by yellow 

arrows 

 

 
 
 
 
 
 
 
 
 
 
Figure 10: In-line transmission after HIP post-treatment (values normalized to a sample thickness of 

2mm) 
 
 
 

 

 
 
 
 

Table 1: Notation of Reference powder and treated powders obtained by spray drying with 
PEG200, PEG400 and PEG600 at different stages (P:powder; Sp:sintered; H:HIPed) 

 
 

 

 

 

Powder After Sintering After HIP 
Reference SpRef HRef 

P200 Sp200 H200 
P400 Sp400 H400 
P600 Sp600 H600 



 
 
 
 
 
 

 
Table 2: Rheological data of Reference, P200, P400 and P600 powders 

 
 

 
 

 CBD (g/mL) TD (g/mL) CD (g/mL) 

Reference 0.24 ± 0.01 0.30 ± 0.01 0.40 ± 0.01 
P200 0.19 ± 0.01 0.26 ± 0.01 0.43 ± 0.01 
P400 0.21 ± 0.01 0.26 ± 0.01 0.43 ± 0.01 
P600 0.22 ± 0.01 0.26 ± 0.01 0.44 ± 0.01 

 
Table 3: Densities of Reference, P200, P400 and P600 powders 

 
 

  SI BFE (mJ) SE (mJ/g) 
Reference 0.85 ± 0.04 108 ± 3 9.56 ± 0.38 

P200 0.90 ± 0.05 48 ± 5 7.65 ± 0.45 
P400 1.06 ± 0.05 40 ± 3 7.22 ± 0.41 
P600 0.95 ± 0.06 58 ± 3 8.36 ± 0.29 
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