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ABSTRACT

This study was devoted to the understanding of the influence of MgAl,O4 ceramic properties on their ballistic performances. By modifying the processing
parameters, ceramics with different microstructures were obtained. Among them, a transparent MgAl;04 spinel with an in-line transmission between 77% and
83% in the visible range, an average grain size of 8.6 pm and good mechanical properties (11.3 GPa in Knoop hardness and 2.5 MPay/m in fracture toughness)
was produced. A thorough characterisation of the ceramics was accomplished in order to establish a link between microstructure, mechanical properties and
ballistic protective performances against an armour piercing projectile of calibre 7.62x51 mm. The ballistic evaluation demonstrated the advantage of
using a spinel layer as the strike face to stop a threat, while reducing drastically the thickness and the areal density of the transparent multilayer, compared to a
simple glass armour. MgAl,04 spinel with fine grains presented a better combination of mechanical properties compared to coarser microstructures, hence a

better potential to damage a projectile at the impact.
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1. Introduction

Transparent ceramics have been the focus of many studies in the past
few years due to their high potential, notably in military applications,
such as armours, optical lenses and lasers sources [1-5]. The improve-
ment of transparent ballistic protections has particularly been investi-
gated [6-8]. Indeed, bulletproof windows or helmet visors are generally
an assembly of glass and polymer layers. However, the high thickness
necessary to withstand projectile perforation induces voluminous and
heavy systems, thus more difficult to carry. The approach of enhance-
ment is to use a hard transparent ceramic as the front layer of the ar-
mour: at the impact, the projectile tip will be eroded, fragmented and
slowed down by the hard layer. Thus, a thinner glass thickness is needed,
diminishing the total volume and weight of the protection [1,4,6-11].
For this application, MgAl,04 spinel, polycrystalline and single-crystal
Al;03 and AION (Al3027N5s) present the appropriate properties: high
transparency in the visible and infrared ranges (>95% of the theoretical
transmission of the material) and good mechanical properties (hardness,

toughness and mechanical strength). The capacity of these ceramics to
withstand shots was already highlighted in the literature [5,9,12,13]. In
the work of Strassburger [10], multilayers with and without ceramic
were tested against a 7.62 x 51 mm AP (Armor Piercing) projectile. An
areal density (AD) of 160 kg/m? was necessary with the standard glass
protection to avoid perforation, while by using a 2.2 mm thick spinel or
AION, it was possible to lighten the system to 70 kg/m?. Krell et al. [9]
applied a similar approach and showcased the high potential of MgAl,04
ceramic for transparent armour: the areal density of the protection to
avoid perforation was equal to 65 kg/m? when using spinel (2.2 mm
thick), while an AD of 95 kg/rn2 was reached with a 2 mm-thick
sapphire.

The use of MgAl;O4 spinel in ballistic applications is a good
compromise, as its high theoretical in-line transmission is above 83% in
the visible range and it presents a good combination of mechanical
properties [4,8]. Moreover, in terms of processing, it requires a lower
sintering temperature than alumina, sapphire and AION. To obtain the
required properties for ballistic protection, a fine control of the final
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microstructure by means of a carefully chosen procedure is necessary to
avoid defects and to limit grain growth. Indeed, the presence of pores or
impurities will affect transparency and mechanical properties. Then, a
fine grain size has to be favoured in order to obtain high mechanical
characteristics, according to the Hall-Petch law [14-17].

The literature reports various approaches to develop transparent
spinel. From the raw material point of view, commercial MgAl,O4
powders are commonly used [18-26]. Some articles report the synthesis
of the spinel powder from chloride or nitride [27-29]. Reactive sintering
between MgO and Al,Os is also employed to obtain non or stoichio-
metric MgAl,O4 [30-33]. Concerning sintering techniques, Hot Press
(HP) of MgAl;04 is commonly used since pressure assisted method can
provide higher driving force to eliminate pores and enhance densifica-
tion [30,33-35]. For example, Gilde et al. [36] sintered commercial
powder (S30CR, Baikowski) with 0.75wt% LiF by HP at 1650 °C for 3h
(200 MPa) followed by HIP at 1900 °C for 6h. Good transmission was
obtained (82% at 632 nm), however the microstructure presented coarse
grains between 200 and 300 pm. The study of Zhu et al. [19] showed
transparent spinel after the sintering of pure S30CR powder by HP at
1500 °C for 12h (20 MPa), preceded by a presintering of the samples at
1300 °C for 2h. Transmission of 40-75% in the visible range, 12.5 GPa in
hardness and 1.2 MPa+/m in toughness were obtained. An average grain
size equal to 1.8 pm was measured, however the microstructure revealed
abnormal grain growth and pores.

Spark Plasma Sintering (SPS) is usually employed to obtain spinel
with high transmission and fine microstructure at low temperature [16,
17,20,21,23,37,38]. Nanometric grains of 250 nm, transmission of 74%
at 500 nm and hardness of 16 GPa (HV3) can be observed after SPS at
1300 °C of a fine commercial powder (S30CR) [23]. Even finer micro-
structure was reported by Sokol et al. [16], where a dense spinel with 50
nm grains wasobtained after High Pressure SPS at 1000 °C with a load of
1000 MPa. The transmission values were between 65 and 80% in the
visible range and the hardness was equal to 18.5 GPa (HV1).

A common issue reported during SPS and HP processes of transparent
oxide ceramics is the coloration of the sample. The observation of
blackening or translucency can be caused by a contamination from the
graphite tools and the presence of oxygen vacancies generated under
vacuum [21,39-41]. The addition of LiF has shown a beneficial effect to
counter graphite pollution of MgAl;O4 and other transparent ceramics.
Several studies also demonstrated a better homogeneity of the micro-
structure, an improvement of the optical quality and lower sintering
temperatures when LiF is added [30,31,34,42-44]. Nevertheless, an
improper quantity or mix, or an incomplete elimination of the sintering
aid may induce grain growth, porosity or secondary phases formation in
the ceramic [30,42,43,45,46].

To avoid graphite tools, Pressureless Sintering (PS) can be applied.
Green body has firstly to be prepared, either by dry compaction (uni-
axial and cold isostatic pressing) [20,42,47,48] or by wet methods (slip-,
gel-, or tape-casting) [21,22,32,49]. Then, the green bodies can be sin-
tered in air or in vacuum without applying pressure [20,22,42,47,48].
However, a post-treatment by Hot Isostatic Pressing (HIP) is generally
required in order to eliminate residual porosity and then, to obtain
transparent ceramics. After PS at 1550 °C of a commercial powder
(S30CR, Baikowski), Maca et al. [20] obtained a spinel sample with
94.9% inrelative density. By applyinga HIP step at 1500 °C for 1h under
argon (200 MPa), the density increased to 99.9% and, even if it remains
low due to the presence of remaining pores, the in-line transmission was

improved to 60% (632 nm). From the microstructural point of view, the
final grain size was fine with an average equal to 1 pm. A value of 13 GPa
of Vickers hardness (HV1) was indicated. The ceramic made by Liu et al.
[48] by PS (1525 °C for 3h) followed by HIP (1600 °C for 3h) using the
same commercial powder from Baikowski with 0.1 wt% CaO as sintering
aid presented fine grains as well (1.5 pm), a high line-transmission of
82.5% at 600 nm and similar hardness (13.2 GPa). The better optical
result could be explained by the use of CaO and the higher temperatures
and times during the HIP treatment.

As seen from the literature, the possibilities to develop transparent
MgAl,04 are considerable and diversified. Although a majority of papers
deal with the fabrication and the characterisation of spinel, the link
between optical quality, grain size, mechanical properties and ballistic
performances has been barely reported. The paper of McCauley and
Patel [50] is one of the few articles dealing with the comparison of two
references of MgAl;04 spinel with different grain size (0.6 and 1.6 pm),
including a thorough characterisation in terms of microstructure, me-
chanical properties (hardness, fracture toughness, spherical indentation,
quasi-static bend bar strength, dynamic compressive strength) and bal-
listic tests (impact depth into an aluminium backing and distribution of
the fragment sizes with an AP 7.62 x 51 mm projectile). Their results
indicated few influences of the grain size on some mechanical aspects
(bending strength, Weibull modulus, fracture toughness), however their
data suggested a better resistance to penetration with a fine micro-
structure than a larger grain ceramic.

In a previous work, Gajdowski et al. [51] prepared MgAl,O4 ce-
ramics by using high purity powder, as well as a pressureless sintering
approach to prevent contamination by graphite tools, grain growth and
potential secondary phases. The application of a HIP treatment was
found to be necessary and its processing conditions strongly influenced
the final properties of the ceramics. Nonetheless, this work only focused
on the relationship between sintering parameters, microstructural
properties and optical quality. Fully dense ceramics with high trans-
parency in the visible and IR ranges were developed with coarse and
heterogeneous grain size distributions. This study follows on from this
previous work and aims to characterize the ballistic performance of
these ceramics in relation to their mechanical and microstructural
properties. Spinel ceramics were developed following the same pro-
cedure: pressureless sintering with a post-treatment by hot isostatic
pressing. In order to correlate the microstructural properties to optical,
mechanical and ballistic results, samples with different final micro-
structures were achieved by varying the process parameters. This work
allowed to highlight the impact of the microstructure on the mechanical
properties of the final ceramic material, hence the ballistic efficiency.

2. Experimental procedure
2.1. Fabrication of the ceramics

MgAl;04 ceramics were prepared with a spinel powder referenced
S25CRX from Baikowski (France). The supplier indicated a grain size dsg
of 0.43 pm, a specific surface area equal to 17 m?/g and a low level of
impurities (50 ppm in total). The raw powder was dry compacted by
uniaxial compaction, then followed by cold isostatic pressing. The ob-
tained green bodies were subsequently pressureless sintered in a vacuum
furnace (Lilliput, ECM Technology) without sintering additive. A post-
treatment by hot isostatic pressing (EPSI Inc.) under Argon pressure

Table 1

Pressureless sintering and HIP conditions of the MgAl,O4 ceramics characterised in this paper.
MgAl,04 ceramic A B
Pressureless sintering (°C/h) 1500/2 1500/2
Hot isostatic pressing (°C/h) - 1800/1

C D E
1500/2 1500/24 Commercial PERLUCOR AA
1800/10 1600/10




(200 MPa) was applied to eliminate residual porosity, followed by an
annealing treatment in air. This procedure is already described in a
previous work [51]. A selection of four spinel ceramics obtained in
different conditions of sintering and HIP was processed. Sample labelled
A was simply pressureless sintered. In addition to changing some sin-
tering parameters, samples labelled B, C and D were subsequently
treated by HIP using different temperatures and holding times (Table 1).
For comparison, a commercial spinel, PERLUCOR grade AA from
CeramTec (Germany), was selected and referenced as sample E.

2.2. Methods of characterisation

Sintered samples of 21.0 + 0.6 mm in diameter and 2.0 + 0.1 mm
thick were prepared for the different characterisation tests, whereas
larger samples, 60.0 + 0.5 mm in diameter and 4.0 + 0.3 mm in
thickness, were prepared for the ballistic tests. The latter were fully
analysed and no influence of the scale up was observed on the ceramic
final properties in terms of microstructure, in-line transmission and
Knoop hardness.

2.2.1. Relative density

The theoretical bulk density of spinel MgAl;04 is equal to 3.58 g/
cm®. To determine the relative density, the ceramics were weighted
three times in air, in distilled water and then wet (Archimedes method).
An average value was calculated for each grade.

2.2.2. Optical properties

After annealing and mirror-polishing the ceramics, the In-Line
Transmission (ILT) was measured between 300 and 3000 nm with a
UV-VIS-IR spectrophotometer (Cary 7000 UMS, Agilent Technologies)
with a scan rate equal to 600 nm/min.

2.2.3. Microstructure

Microstructure analyses were undertaken by Scanning Electron Mi-
croscopy (SEM) with a Nova NanoSEM 450 (FEI Company) after a
mirror-like polishing step. For the determination of the mean grain size,
a minimum of five images were used, in which no less than three hun-
dred grains were measured with the software ImageJ, then their sizes
were arithmetically averaged.

2.2.4. Mechanical properties
- Hardness

Knoop hardness was analysed with a micro-indenter from Buehler.
As hardness strongly depends on the loading due to the Indentation Size
Effect (ISE) [52], loads between 0.05 and 2 kg (0.49 and 19.6 N) were
applied. The Multi-Fractal Scaling Law (MFSL) was used in this analysis
to estimate a load-independent hardness value for each sample [53],
following this equation (Eq. (1)):

HK (MFSL) = HK oo (1 + L*/L)%° Eq. 1

With HKoo the load-independent Knoop hardness, L* the critical length
of the material indicating the transition between behaviours (from size-
dependent to size-independent) and L the length of the indent long
diagonal.

- Elastic modulus

Elastic modulus E was obtained from the measurements of trans-
versal and longitudinal waves velocities Vr and V; with the aid of an
ultrasonic thickness gage (Olympus 45 MG). From these values, the
Poisson coefficient v can be calculated (Eq. (2)), then the modulus can be
determined (Eq. (3)):

v=(1-2 x (V/VL)?) / (2=2 x (VT/VL)?) Eq. 2

E:(Vszpx(lJrv)><(1—2v))/((l—v)>< 109) Eq. 3

With p the bulk density (kg/m®) of the sample.
The average elastic modulus was estimated on ten samples of each
sintered grade and on twenty samples for the commercial ceramic.

- Fracture toughness

Cracks generated during Vickers indentations were analysed to
determine the fracture toughness on the basis of the model of Niihara
[54]. The load had to be adapted for each grade of spinel depending on
the apparition of cracks. A minimum of ten indentations were made for
the estimation of K;¢. A distinction was made between Palmqvist and
median cracks according to the ratio c¢/a (c and a representing respec-
tively the cracks length and the diagonal of the indentation). When the
sample showed Palmqvist cracks with 0.25 < c¢/a < 2.5, Eq. (4) was
used, whereas K;¢ was calculated according to Eq. (5) when the ratio c/a
was superior to 2.5 for median cracks.

Kic = 0.035 x (c/a) %3 x (H/E x @))"25 x ((H x a*%)/®) Eq. 4
Kjc = 0.129 x (c/a)">? x (H/E x ®)) % x (H x a°)/®) Eq. 5

With @ a factor considered equal to 3, H the Vickers hardness and E the
Young modulus.

= Flexural strength

The characterisation of the equibiaxial flexural strength of the ce-
ramics was done with the so-called Ball-on-3-Balls test (B3B) method.
Introduced by Godfrey and developed by Borger et al. [55,56], B3B test
determines the biaxial resistance in flexion of brittle samples such as
ceramics. The B3B setup has been developed and mounted on a
quasi-static press (Instron 5500-K9400) with a 5 kN load cell. The test
was performed under quasi-static conditions (testing speed of 0.5
mm/min) up to the failure force. A specific setting was used, where the
ceramic in the shape of a disc was positioned on one ball and three balls
were placed on top of it (balls with a diameter of 15 mm). B3B tests were
carried out on ten samples for each grade of fabricated spinel and more
than twenty for the commercial ceramic. This is lower than the thirty
samples normally required to take into account the statistical variability
of the results but it already allows to identify trends. By estimating a
failure stress o, and a probability of failure Py for each sample of each
grade of spinel, a 2 parameters-Weibull distribution was obtained. Then
linearization was applied, leading to the equation Eq. (6):

Inln(1/(1=Pp)=(m x In o) — (m x In 60) Eq. 6

By applying the maximum likelihood method, the average failure
stress o4y and its standard deviation oy are obtained (Eq. (7) and Eq. (8)):

Gy =60 X I' x (1 + 1/m) Eq. 7
Ost = Gp X \/((l" X (1 + 2/m) B (1 + 1/m)) Eq. 8

With T (1 +x) 2 1 - (3/4)%x + (3/4)x*

An observation by SEM of the fracture surfaces after the B3B tests
was made for each grade of spinel in order to identify the fracture mode
(transgranular or intergranular).

2.2.5. Ballistic performance

To characterize the ballistic performance of the ceramics, a similar
approach to the work of Strassburger was used [10]. In his work,
MgAl,04 spinel from IKTS (Germany) were tested on an assembly made
of one to three layers of glass and one layer of polycarbonate (4 mm
thick). An AP projectile 7.62 x 51 mm was shot at a velocity of 850 + 15
m/s. In this present paper, each grade of spinel was tested as the front
face of a transparent multilayer made of soda lime glass sheets (150 x



A. Glass configuration B. Ceramic configuration

polycarbonate

spinel

_ J

5-10 layers of glass

J

1-4 layers of glass

Fig. 1. Schematic of the assembly used for the ballistic test: (A) glass config-
uration and (B) ceramic configuration with a spinel layer as the strike face.

150 mm?) and a polycarbonate layer (150 x 150 x 4 mm) put on the rear
as the backing. Their bulk densities were equal to 2.44 g/cm® and 1.18
g/cm® respectively. A metallic frame kept the whole assembly tight
without using glue. Fig. 1 shows a schematic of the multilayers evalu-
ated in this study with the two configurations.

Table 2 reports the configuration of all the ballistic tests: the number
of glass layers and their thicknesses, the total thickness and areal density
of the multilayer, and the initial and residual velocities of the projectile.
For each grade of spinel, four to five samples were processed and tested.
The configuration of the multilayer, as well as the areal density (AD) of
the armour, were modified for each shot. The glass thickness was
increased progressively, while maintaining the thickness of the poly-
carbonate and the spinel to 4 mm. By increasing the glass thickness, and
thus the areal density, the residual velocity decreased after perforation.

Table 2

In order to highlight the advantage of the spinel layer to lower the
global thickness and the areal density of a ballistic protection, a refer-
ence configuration without ceramic was also tested, labelled glass. For
all of the configurations, with and without a ceramic layer, one shot was
especially made on an assembly with a glass layer thick enough to avoid
complete perforation. An armour piercing projectile with steel core of
calibre 7.62 x 51 mm (P80) was used with an initial velocity of 820 +
10 m/s. A triple exposure X-Ray system was used to estimate the residual
velocity V; of the projectile after perforation by taking three pictures at a
known time interval. A high-speed camera was installed to visualize the
impact from the back of the armour.

3. Results
3.1. Relative density

Measurements of the relative densities reported in Table 3 indicated
a result equal to 96.9% for sample A and superior to 99.9% for the three
other fabricated ceramics. The lower density of sample A resulted from
residual pores, which were not eliminated during sintering. The appli-
cation of a post-treatment by HIP led to the removal of these defects,
thus to an increase of the density (samples B, C and D). In the case of the
commercial spinel E, a relative density of 99.9% was measured.

3.2. Optical properties

In-line transmissions of the ceramics are shown in Fig. 2. The pres-
sureless sintered ceramic A was characterised by a transmission close to
zero on a wide range of wavelengths and started to slightly increase at
2000 nm to reach 5.5% at 3000 nm. As presented in the photo in Fig. 2,
sample A was completely opaque after sintering. In the case of ceramics
B, C and D, very high in-line transmission values were observed in the
range of 77-86% between 400 and 800 nm and a minimum of 86% at
3000 nm. The combination of vacuum sintering and HIP proved to be a
suitable process to obtain transparent ceramics with optical quality close
to the commercial sample. This latter (sample E) showed the highest in-

Number and thickness of glass layers, total thickness and total areal density of the multilayer, initial and residual velocities of the projectile for each test and each
configuration. A positive outcome is indicated with “no” (i.e. no perforation), while a negative outcome (i.e. perforation) is indicated with “yes”.

Configuration # test Number and thickness of glass layers Total thickness Total AD Initial velocity Residual velocity Perforation
(mm) (kg/m?) (m/s) (m/s) yes/no
Glass 1 5 x 6 mm 34 77.9 831 383 yes
2 7 x 6 mm 46 107.2 830 226 yes
3 8 x 6 mm 52 121.8 805 86 yes
4 9x6mm+ 1 x2mm 60 141.4 828 0 no
Spinel A 1 1 x 6 mm 14.1 34 816 538 yes
2 2 x 6 mm 20.1 48.7 828 296 yes
3 1 x2mm+ 2 x 6 mm 22.1 53.6 819 263 yes
4 1 x3mm + 3 x 6 mm 29.1 70.6 815 0 no
Spinel B 1 1 x 6 mm 14.2 34.3 835 499 yes
2 2 x 6 mm 20 48.3 830 261 yes
3 1 x3mm+ 2 x 6 mm 23.5 57.4 811 203 yes
4 4 x 6 mm 32.1 78 827 0 no
Spinel C 1 1 x 6 mm 14.1 34 814 506 yes
2 2 x 6 mm 19.9 48 827 270 yes
3 1 x3mm+1x6mm 23 55.6 810 142 yes
4 1 x3mm+1x6mm 23.1 56 825 242 yes
5 1 x 3mm + 3 x 6 mm 29.1 70.6 837 0 no
Spinel D 1 1 x 6 mm 14.1 34 820 497 yes
2 2 x 6 mm 20.1 48.7 815 197 yes
3 1 x3mm+2x6mm 22.9 55.3 823 161 yes
4 1 x3mm+ 2 x 6 mm 23.4 57.1 807 87 yes
5 3 x 6 mm 26.4 64.4 818 0 no
Spinel E 1 1 x 6 mm 14 33.7 828 576 yes
2 2 x 6 mm 20 48.3 823 292 yes
3 1 x2mm + 2 x 6 mm 22 53.2 806 178 yes
4 1 x3mm+ 2 x 6mm 23 55.6 822 177 yes
5 3 x 6 mm 26 63 811 0 no




Table 3

Relative densities, in-line transmissions (A: 400-800 nm) and mean grain sizes of the MgAl,O, ceramics.

MgAl,04 ceramic A B C D E
Relative density (%) 96.9 >99.9 >99.9 >99.9 >99.9
In-line transmission (%) 0 78-84 81-86 77-83 83-86
Mean grain size (um) 1.3 36.3 73.4 8.6 10.2
Range of grain sizes (um) 0.4-2.9 6.2-310 7.2-510 2.7-22.4 1.1-48.5
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Fig. 2. In-line transmission curves of the MgAl,04 ceramics. The inserted photos show one opaque and one transparent ceramics synthetized in this paper (samples A
and B respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

line transmission in the visible domain, between 83 and 86%, and close
to the theory in the infrared. Experimental values of ILT at 400 and 800
nm are reported in Table 3.

3.3. Microstructure

SEM observations of the polished surfaces presented in Fig. 3
revealed different microstructures between manufactured and com-
mercial ceramics. Sample A presented a porous microstructure, as
expected from the relative density and the optical quality. The grain
size distribution was homogeneous and showed a fine average size
with 1.3 pm. Numerous pores with size ranging from 50 to 400 nm
were localized at grain boundaries and in the grains. Intragranular
pores are generally detrimental since they are difficult to eliminate,
and cause translucency or opacity. In this study, these defects were
successfully removed during HIP, as samples B, C and D showed
poreless microstructures. However, the full densification occurring
during post-treatment was generally accompanied by grain growth.
After HIP treatment at 1800 °C for 1h, sample B exhibited abnormal
grain growth with isolated and large grains up to 310 pm. By
increasing the holding time of post-treatment to 10h, more general
exaggerated grain growth was observed for sample C with grains
reaching 510 pm. In the case of sample D processed at a lower HIP
temperature, a homogeneous but dispersed grain size distribution was
obtained. In addition, the latter sample presented the finest and
poreless microstructure with a mean value equal to 8.6 pm. Finally,
SEM observations of the commercial spinel E revealed a microstruc-
ture with two distinct populations of grains for a mean grain size equal
to 10.2 pm. The average values and the range of grains size obtained
for each spinel are reported in Table 3.

3.4. Mechanical properties
- Hardness

The evolution of the Knoop hardness of the five ceramics is repre-
sented Fig. 4 as function of the applied load. At the lowest load (0.49 N),
the hardness reached values between 15 and 16 GPa, which corre-
sponded respectively to sample A and sample E. When increasing the
load to 19.6 N, hardness values diminished to 11-12.2 GPa. Globally,
among the sintered ceramics, sample A presented the lowest values,
whereas sample D showed the highest. Interestingly, the commercial
spinel displayed close hardness to the sintered ceramic D.

By using the multifractal scaling law (Eq. (1)), it is possible to obtain
the load-independent Knoop hardness HK oo (reported in Table 4),
useful to compare samples with different microstructures. The results
were very close, however some tendencies have been observed: the
porous sample A showed the lowest value with 10.3 GPa. By applying
HIP during the process, the hardness increased, as indicated by samples
B, Cand D with 11, 10.9 and 11.3 GPa respectively. For the commercial
spinel E, the load-independent hardness was equal to 11.2 GPa. These
values are consistent with the common hardness values reported in the
literature for MgAl»O4 in the range 11-15 GPa, depending on the
applied load and grain size. Knoop hardness HK; of 12.1 GPa was
indicated [52], and between 11 and 11.5 GPa for loads above 10 N [57].

- Elastic modulus
Mean values of the elastic modulus E of each MgAl,O4 ceramic are

reported in Table 4. The Poisson coefficients estimated from Eq. (2)
fluctuated between 0.25 and 0.28 for the fabricated samples. In the case



Fig. 3. SEM images of the MgAl,O, ceramics: polished surface (left) and fracture after B3B tests (right).

of the commercial spinel, a value equal to 0.27 was obtained. For the
elastic modulus, samples A, B and C can be compared first, as they were
pressureless sintered in the same conditions. As shown in Table 4, their
values of E moduli were very similar. As it can be noticed, the applica-
tion of a HIP treatment did not substantially improve the modulus.
Indeed, samples B and C showed a slight improvement or reduction
respectively for this property compared to the ceramic A (266 GPa). The
result for sample D was identical to the porous sample A. Finally, the

commercial sample E showed the highest modulus with 279 GPa. These
values were found to be similar to other studies on MgAl,04 with results
around 260-280 GPa [52,58-60].

- Fracture toughness

After Vickers indentations, cracks and indentations were measured
in order to evaluate the parameters of the equation used for the



17

16

= = =
w -~ (5]

Knoop hardness (GPa)

[
N

11

10

-0-Spinel A -B-Spinel B

—~-Spinel C -A-Spinel D -©-Spinel E

Y

o

10 12 14

Load (N)

Fig. 4. Evolution of the Knoop hardness as function of the load . (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

Table 4

Summary of the mechanical properties of the MgAl,04 ceramics.
MgAl,04 ceramic A B C D E
Knoop hardness MFSL (GPa) 10.3 11 10.9 11.3 11.2
Elastic modulus (GPa) 266 + 6 286 + 4 257 + 4 267 + 4 279 +1
Fracture toughness (MPa\/m) 2.6 £ 0.5 1.6 £0.1 1.8 £0.3 2.5+ 0.4 1.9+0.2
Weibull modulus 5.6 5.3 4.3 6.8 7.2
Failure stress B3B (MPa) 253 + 57 170 + 40 194 + 58 242 + 43 556 + 93
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Fig. 5. 2-parameters Weibull distributions of the MgAl,0,4 ceramics obtained from the B3B tests. Each symbol show one tested sample, the dashed line represents the
linear tendency along with their correlation coefficients. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)



calculation of Kj¢: Eq. (4) for Palmqvist cracks was only used for sample
B, while Eq. (5) for median cracks was employed for the other ceramics.
The values of Kj¢ are reported in Table 4. Between the manufactured
ceramics, the porous spinel A showed the highest toughness with 2.6
MPa\/m, whereas the dense samples presented close or lower results:
1.6, 1.8, 2.5 and 1.9 MPa\/m respectively for samples B, C, D and E.
Spinel fracture toughness values reported in the literature are quite
scattered depending on the methods and the formulas used, or
depending from the homogeneity of the microstructure [1,4,59,61,62].

= Flexural strength

Fig. 5 shows the 2-parameters Weibull distributions of the different
grades of spinel obtained from the B3B tests. From this graph, the
Weibull modulus was estimated as the slope of each curve (Table 4).

After a single pressureless sintering, the porous spinel A presented a
Weibull modulus equal to 5.6. The application of a HIP treatment at
1800 °C influenced the distribution of defects, as the values decreased to
5.3 and 4.3 for samples B and C respectively. However, the sintering and
HIP conditions for sample D led to a better homogenisation of the defects
in the microstructure, as shown by its higher Weibull modulus (equal to
6.8). The same result has been observed for the commercial ceramic,
presenting an even higher Weibull modulus of 7.2, indicating the most
homogeneous repartition of the defects among the tested grades of
ceramics.

With the aid of the graph in Fig. 5 and Egs. (6)-(8), the average
failure stress o4, was obtained for each grade of spinel (Table 4). The
porous ceramic A presented an average failure stress equal to 253 MPa.
After the application of a post-treatment at 1800 °C, the value drastically
decreased and reached 170 and 194 MPa for ceramics B and C

respectively. The conditions applied for ceramic D did not impact as
much this property, as a value equal to 242 MPa was obtained. However,
by considering the standard deviation, all the sintered ceramics globally
showed similar values. In the case of the commercial spinel, its flexural
strength greatly outperformed the sintered samples with a result of 556
MPa. The comparison of these results with the literature is delicate, as no
results of B3B tests for MgAl,04 are reported, as far as the authors know.
Studies showed diverse values of bending strength depending on the
method used and the grain size of the ceramics. Results can reach
70-300 MPa with 3-point flexion test [22,48,58]. With the ring-on-ring
method, values equal to 77 and 169 MPa were respectively reported for
a coarse and fine grained spinel microstructures [59]. Strength of 470
MPa was even outlined for nanostructured spinel [61]. From the com-
mercial data of CeramTec, the PERLUCOR spinel presented a bending
strength of 300-350 MPa, with no indication of the methodology [63].

Thereafter, ceramic fractures were analysed by SEM. As shown in
Fig. 3, the samples presented different fracture modes depending on the
grain size and their distribution. Samples A and D showed both modes
where intergranular fracture was predominant, whereas transgranular
mode was mainly observed on samples B and C. In the case of the
commercial spinel E, both modes were found as well and attributed to
the bimodal grain size distribution. The transition from intergranular to
transgranular mode was already reported in the literature when grain
size increases [62,64,65].

3.5. Ballistic performance

Photos taken from the high-speed camera showcased some ballistic
tests from this study (Fig. 6). The series of photos taken at different times
in Fig. 6A and B illustrate a multilayer without a spinel layer,

2
=)

Fig. 6. Photos of perforated and non-perforated multilayers from the high-speed camera. (A) and (B) present the rear face of a negative and a positive tests on an
assembly without ceramic, while (C) and (D) showcase tests made on a multilayer with a spinel layer as the front face. The time lapses are outlined on each picture.
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Table 5

Areal density, thickness and LAD of the non-perforated multilayers.
Characteristics of the non-perforated multilayer Glass A B C D E
Areal density (kg/m?) 141.4 70.6 78 70.6 64.4 63
Thickness (mm) 60 29.1 321 29.1 26.4 26
Change in thickness (%) -52 -47 -52 -56 - 57
Limit Areal Density (LAD) (kg/m?) 135.7 64.6 70.1 67 61.7 61.6
Change in areal density (%) -52 -48 -51 -55 -55

corresponding to tests #1 and #4 in glass configuration (Table 2). When
the glass thickness was equal to 30 mm (test #1), the projectile perfo-
rated the different layers in a time lapse of 130ps. In the case of test #4
with 54 mm of glass, the multilayer withstood the shot, as seen by the
deformation of the backing after 300ps (Fig. 6B). Fig. 6C and D presents
a negative and a positive tests obtained on one configuration with a
spinel as the front face (tests #1 and #4 with spinel B in Table 2). With a
total thickness equal to 14.2 mm (test #1), the assembly was ineffective
to stop the projectile, as it completely pierced the layers after 100us
(Fig. 6C). In the case of test #4, a multilayer of 32.1 mm was successful
to stop the projectile. For complementary comparison, test #1 in glass
configuration (Fig. 6A) and test #4 with the spinel B (Fig. 6D) show-
cased multilayers with similar AD (78 kg/mz). Hence, it illustrates the
advantage of a ceramic layer to decrease the thickness of a multilayer
and its efficiency against projectiles.

On the basis of all the negative tests (i.e. with complete perforation)
presented in Table 2, the residual velocity of the projectile as function of
the areal density of the multilayer can be represented (Fig. 7). A second
degree polynomial equation was used to obtain the general tendency for
each configuration. By looking at the intersection of the curve with the
x-axis, the Limit Areal Density (LAD) was obtained, which corresponds
to the limit beyond which no perforation will be observed. Table 5 re-
ports the areal density and the thickness of the positive tests (i.e. without
perforation) for each configuration, represented by the empty symbols
(Fig. 7), as well as the estimated LAD. The black curve in Fig. 7 is
associated with the protection tested without a ceramic layer, labelled
glass. As the AD increased, the residual velocity of the projectile

decreased. By using only glass, a thickness of 60 mm in total (56 mm of
glass and 4 mm of polycarbonate) was needed to stop the projectile,
corresponding to an AD of 141.4 kg/m? (empty black symbol). As shown
in Fig. 7, the LAD was lower than the experimental shot: a multilayer of
135.7 kg/m? should be efficient enough to resist the impact in these
conditions (Table 5).

As it can be noticed, the addition of any type of spinel as the front
face greatly reduced the AD. Although the results were quite close be-
tween the different grades, some ceramics stand out. Looking at the
shots made for equivalent AD, at 34 kg/m? or 48 kg/m? (tests #1 and
#2), the lowest V, were obtained with samples B and D (red and green)
as front face. On the other hand, the porous sample A (blue) seemed to
be the less efficient ceramic of all the fabricated samples, as the
measured residual velocities were the highest. In the case of sample C,
intermediate results were obtained.

Sample D clearly demonstrated its efficiency compared to the others
with the lightest non-perforated multilayer (empty green symbol), cor-
responding to 64.4 kg/m? and equivalent to 26.4 mm in total thickness,
whereas the assembly with sample B (empty red symbol) weighted the
most with 78 kg/m? (32.1 mm). The multilayers with samples A and C
showed identical results with AD of 70.6 kg/m? for a thickness equal to
29.1 mm. Finally, the commercial sample E presented similar protective
efficiency than our ceramic D: the multilayer including this spinel
needed to be only 26 mm thick (63 kg/m?) to be able to stop the
projectile.

The estimation of the LAD reached the same conclusion as the
experimental. The use of samples D and E allowed the best decrease of



AD of a transparent multilayer by 56-57% of reduction in thickness
compared to the glass configuration. The opaque sample A, surprisingly,
came next in term of efficiency. Finally, there were samples C and B,
with AD above 67 kg/m?, which corresponded to a decrease of 48-51%
in AD compared to the multilayer without spinel.

4. Discussion
4.1. Influence of the microstructure on the optical properties

The optical quality of the sintered ceramics was mostly related to the
presence of porosity, as no secondary phases or impurities were
observed on the SEM images (Fig. 3). Sample A was the only spinel
presenting porosity. The absence of transmission between 0.3 and 2 pm
was mainly linked to the quantity and the size of the pores. As their
diameters were close to the wavelengths of the visible range, the optical
quality dropped significantly. The non-transparency in the infrared was
caused by the numerous pores in the microstructure, leading to light
scattering.

Very high transmissions were obtained for samples B, C and D after
HIP due to the absence of pores of the same order of magnitude as the
wavelengths of the visible. Microstructures without defects were ob-
tained from different parameters of pressureless sintering and HIP,
leading to high transmission in the visible and the infrared ranges, which
were found to be comparable to the commercial. No influence of the
grain size distribution was observed on the optical quality, this obser-
vation being consistent with the isotropic cubic structure of MgAl;04.

4.2. Influence of the microstructure on the mechanical properties

Pressureless sintered ceramic A showed the lowest values of Knoop
hardness and HK oo due to the presence of porosity, as described in other
studies [66-69]. The application of a HIP treatment allowed an elimi-
nation of defects and an increase of density, thus an improvement of the
hardness, as shown by the results on transparent ceramics (Fig. 4). This
is in agreement with the literature, as it is known that hardness is
improved when the grain size is decreased according to the Hall-Petch
relation [16,57,61,70]. Sample D presented a microstructure with fine
grains, leading to high hardness values. The presence of a majority of
small grains and an overall low average grain size for sample E (visible
in Fig. 3) explained the elevated values for this ceramic. Due to their
coarse microstructures and heterogeneous grain size distributions,
samples B and C showed lower values than samples D and E.

As reported in Table 4, elastic moduli of the different ceramics were
of the same order of magnitude despite the various microstructures.
Works from the state of the art indicate a negative impact of the porosity
on the modulus: the value decreased when the density of the ceramic
decreased [71-74]. In the presented work, sample A was the only porous
ceramic. However, the lowest value was obtained with sample C, adense
and transparent spinel. Thus, it could be suggested that the poor level of
porosity of sample A did not impact the measurements of transversal and
longitudinal waves velocities aswe could have expected. Although, from
these results, no influence of the grain size and homogeneity was
highlighted on this mechanical property. This is consistent with the
conclusions of Sokol et al. [58] and Rothman et al. [60] who reported an
independence of the elastic modulus from the grain size.

From the fracture toughness results of this study, a tendency can be
observed: heterogeneous and large microstructure led to low value, as
demonstrated by samples B and C, whereas homogeneous and fine
microstructure induced higher toughness (samples A and D). The
bimodal grain size distribution of sample E gave then an intermediary
result due to its low grain size. These observations are in adequacy with
the work of Tokariev et al. [59], where Niihara and Anstis formulas were
used. However, the comparison with the literature is more complex, as
this mechanical property relies on the ceramic, the microstructure, the
method used and the model employed. For cubic materials, the
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statement made by Rice [64] showcased no grain size dependence of
toughness, or slight decrease at finer, or larger grain sizes, or both,
despite the difference in test methods. In the case of the dependence of
the porosity, our results indicated no drawback to the presence of 3% of
pores, as the porous sample A presented the highest value of fracture
toughness. As pointed out by Rice, a low percentage of porosity (1-4%)
is not as deleterious as suspected. A porous ceramic may show higher
K;jc compared to denser samples [64,75].

The analysis of the Weibull modulus indicated a similar tendency
compared to the other characterised properties: a fine and homogeneous
microstructure gave favourable results with high moduli (samples A and
D), whereas coarsening and heterogeneous grain size distributions
resulted in more deleterious outcomes, which indicated disparate spread
of the defects in the ceramic (samples B and C). The commercial ceramic
E presented the highest Weibull modulus, which proved a low dispersion
of the failure stresses. The porosity was not detrimental for this property,
as sample C showed the lowest result instead of sample A. However, it
must be reminded that a lower number of processed samples was tested
compared to the commercial reference, this could influence the statis-
tical study and, as a consequence, the Weibull moduli and failure
stresses results.

Between the sintered ceramics, samples A and D presented higher
mean failure stress compared to samples B and C. The homogeneous
state of the microstructure and the low grain size looked, again, more
advantageous to induce better mechanical properties. However, despite
having a bimodal microstructure as samples B and C, sample E presented
an exceptionally high failure stress. This could first be linked to the
method used (B3B), as the comparison made by Danzer et al. [76] be-
tween B3B and bending test showed higher results of failure stress with
B3B on different materials. Additionally, this result could also be
attributed to the heterogeneity of sample E itself. Indeed, the paper of
Jiang et al. [65] presented higher static compression strength on
bimodal grain structure of MgAl,04 compared to an monomodal
ceramic. This was correlated to the fine grained region in the inhomo-
geneous structure, which creates more tortuous crack propagation
paths. The better flexural stress of sample E in comparison with the other
heterogeneous samples (B and C) can be explained by its lower average
grain size (Table 3). In our study, a majority of fine grains favoured
intergranular fracture mode, as demonstrated by samples A, D and E,
resulting in higher K;¢ [65,77,78]. Nonetheless, in the case of spinel
ceramics, it has already been reported that both modes of fracture can be
observed for small grains and intergranular mode for larger grains [59],
this was not the case in this work.

4.3. Influence of the mechanical properties on the ballistic performance

The correlation between mechanical properties and ballistic perfor-
mance is complex, as a single characteristic cannot predict the outcome
and the efficiency of the material against a threat, and other parameters,
such as the type of backing and projectile, the impact velocity or the
thickness of the ceramic, can affect the results as well [7]. During a
ballistic event, successive phenomena occur and different properties of
the ceramic are involved. First, the projectile tip comes in contact with
the front layer, where it is stopped during few microseconds (this event
is called “dwell”), causing a loss of velocity and the nose of the AP core to
break or erode, and the apparition of fractures in the ceramic. Then, the
projectile breaks due to tensile stress released from the armour surface,
whereas the ceramic and the backing plates are deformed. Finally, large
fractures propagate through the ceramic plate, while the remaining AP
core penetrates the ceramic fragments and the backing layer. According
to several papers, during the dwell time, the Young modulus of the
ceramic has the most important contribution, whereas the hardness of
the fragments has an important role during penetration [77,79-81].
However, in order to compare different samples, a combination of
properties should be considered and analysed: density/porosity, hard-
ness, fracture toughness, fracture mode, Young modulus and mechanical



strength [7,77,78].

The presence of porosity in the ceramic was mentioned as beneficial
in the work of Fakolujo et al. [82]. A homogeneous distribution of small
size pores can retard the fracture initiation, then improving the residual
strength of the material. This factor partially explains the better results
of the porous sample A compared to several dense samples (including B
and C).

Hardness is mostly cited as one of the principal properties to consider
in ballistic [7,77,80,83]. A ceramic with high hardness will resist the
penetration and blunt the projectile. Some studies indicate that hardness
is directly linked to ballistic performances, whereas others suggest that
the ceramic hardness only needs to be higher than the projectiles. In the
presented work, the determination of the load-independent HK oo did
not completely foresee the ballistic results. Samples D and E presented
the highest HK oo and the best ballistic performances. Sample A was
characterised by the lowest hardness but its ballistic efficiency was
higher than samples B and C.

Results of Kj¢ alone cannot anticipate the outcome in ballistic as
well. Between the sintered ceramics, samples A and D presented the
highest results and efficiencies against a projectile, compared to samples
B and C. However, the commercial spinel E was as efficient as samples A
and D with a lower K;¢ value. Dresch et al. [78] precise that a fracture
toughness should be as high as possible in order to improve the ability of
the material to resist various impacts. Flinders et al. [84] showed instead
that a high level of K;¢ will not mandatorily result in better ballistic
performance.

The elastic modulus of the ceramic was pointed out as one of the
main properties influencing the dwell time at the impact and the mode
of fragmentation [7,78,80]. High value can prolong the interaction of
the projectile with the ceramic surface, which is beneficial for ballistic
performance, and cause less cracks, wider crack spacing and larger
fragments [78]. However, in some circumstances, where the contribu-
tion of dwell-phase interactions to the ballistic result is small, this theory
is not respected and the ceramic, even if it presents a high E, may not
exhibit the best ballistic performances [80]. In this work, sample B
showed the highest value but the worst ballistic result. Nonetheless, no
substantial differences in the Young modulus values of our ceramics
were found, hence no correlation can be made from these results.

Kumar et al. [8] indicated that ballistic performance should be
correlated with the strength of the material under tensile, compressive,
shear, and bending modes, rather than a single strength value, as the
ceramic undergoes many solicitations at the impact. Although Krell and
Strassburger [80] did not add the material strength in their hierarchy
(established for small calibre projectiles at impact velocities up to 1000
m/s), it should be considered nonetheless when different ceramics are
compared. In the article of Dresch et al. [78], tensile strength is cited as
one of the parameters that can act on the performance of the material,
notably in the ability to withstand multiple impacts. In this work, flex-
ural strength (instead of tensile strength) was determined and followed
the ballistic results: samples B and C with the lowest 6,4 did not
demonstrate the best efficiency in comparison with samples A and D.
However, the commercial spinel value stood out between all the tested
samples but showed close ballistic results to sample D. This observation
may suggest that flexure strength had a limited influence on the ballistic
outcome in the tested conditions described in this article.

Finally, the fracture mode also played a role in the efficiency against an
AP projectile. Sample showing a majority of intergranular fracture is ad-
vantageous, as cracks will follow a more sinuous path through the grain
boundaries, which will require more energy to create a larger fracture
surface [77]. This aspect was demonstrated by samples A, D and E.
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In closing, as a small number of samples of each grade were char-
acterised in this work, the previous discussions are subject to debate and
have to be confirmed with supplementary tests.

5. Conclusion

This work dealt with the characterisation and the ballistic evaluation
of MgAl,O4 spinel ceramics manufactured by pressureless sintering and
hot isostatic pressing from a pure commercial powder without using any
additives. By varying sintering and HIP conditions, four samples
exhibiting different final microstructures were produced. The influence
of the grain size and their distribution on the mechanical properties and
the ballistic performances was discussed. In addition to the processed
samples, a commercial transparent ceramic purchased from CeramTec
was used as reference.

A thorough analysis was firstly performed in order to highlight the
differences in the microstructures of the ceramics. A correlation between
microstructural properties and mechanical properties was undertaken.
Among the manufactured ceramics, a highly transparent ceramic
exhibiting remarkable in-line transmission (77-83%) in the visible range
was developed. Higher values of Knoop hardness, fracture toughness
and flexural strength were obtained for the ceramics with homogeneous
and fine-grained microstructures, compared to spinel with large and
heterogeneous grain size distributions. The ceramic with 3% of porosity
presented better properties in term of toughness and flexural strength
compared to the dense samples with coarse grains. The commercial
ceramic presenting a bimodal grain distribution with a large proportion
of fine grains showed a good combination of properties, comparable to
the processed ceramics with fine grains.

Secondly, the ballistic performances of the ceramics were tested,
where the spinel samples were used as the strike face of a transparent
assembly made of glass and polycarbonate. By varying the glass thick-
nesses, the limit areal density was determined for each of the considered
ceramic. The presence of a 4 mm-fabricated ceramic layer led to
considerable reductions of 48-55% and 47-57% respectively in weight
and thickness, compared to a glass protection. The commercial reference
was tested in the same configuration and a similar ballistic performances
as the most efficient manufactured ceramic, presenting a fine and nar-
row grain size distribution, was obtained leading to a 55% weight gain
and 57% thickness reduction.

These first results based on a limited number of samples allowed to
highlight the benefit of a microstructure, non- or homogeneous, with a
majority of small grains in order to obtain better mechanical properties,
hence higher ballistic efficiency compared to MgAl,04 spinel with large
grains. Nonetheless, supplementary samples and characterisations are
necessary to improve the statistic and determine better correlation be-
tween mechanical properties and ballistic outcome.
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