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1. Introduction 

Composites of Al2O3/TiB2 were produced by K .V. Logan at the Georgia Institute of Technology 
(1), and the University of Dayton Research Institute (UDRI) performed the initial depth-of-
penetration (DOP) ballistic evaluations on them (2).  Logan concluded that there could be a 
possible correlation between microstructure and ballistic performance.  It was theorized that the 
composite structure that had TiB2 distributed along the grain boundaries of the Al2O3, which 
formed a continuous distribution of TiB2, exhibited better ballistic performance than when the 
TiB2 was dispersed in the Al2O3 matrix.  Those results led the U.S. Army to continue looking at 
the composite material and the role of microstructure.  In some tests, the ballistic performance 
was greater than predicted from the rule of mixtures, as shown in figure 1, and was high enough 
to generate interest in these materials as potential armor ceramic (3).  However, there was 
ambiguity as to whether the observed differences were due to random ballistic variation or to an 
actual difference in microstructure (4).  The purpose of this work was to fabricate Al2O3/TiB2 

composites with two distinctly different microstructures, to correlate microstructural differences 
with ballistic performance, and to determine how well the composite material worked relative to 
other armor-grade ceramics. 

Figure 1.  Early DOP ballistic test data for L/D = 13 rod at 1550 ms–1 against alumina titanium diboride 
ceramics. 
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2. Experimental 

2.1 Processing 

Al2O3/TiB2 composites were fabricated with two different microstructures and then ballistically 
tested to determine the effect of the two different microstructures.  The results from these 
ballistic tests were compared to earlier tests on similar materials made at the Georgia Tech 
Research Institute (GTRI).  The materials from GTRI were the same thickness and tested under 
the same conditions by UDRI (2). 

Two different powder-processing routes were used to produce composites with the same 
composition but very different microstructures.  The composition was 77.4 without Al2O3

* and 
22.6 without TiB2.†  Traditional ball-milling was used to make a composite structure in which 
the TiB2 was evenly dispersed within the Al2O3 matrix. This microstructure will be referred to as 
manually mixed (MM).  The Al2O3 and TiB2 powders were ball-milled in ethanol for 16 hr using 
alumina milling media in a polyethylene jar.  The slurry was then dried and the powder sieved 
through a polyester USA Series 60 mesh sieve. 

Electrostatic dispersion was used to make a composite structure in which the TiB2 particles 
surrounded Al2O3 agglomerates. TiB2 was added to the Al2O3 powder in a polyethylene jar and 
dry mixed for 30 min using a Turbula mixer.‡  In electrostatic dispersion, the TiB2 coats 
agglomerates of Al2O3 because of the positive charge (on TiB2) and negative charge (on Al2O3) 
that build up on the particles during the dry mixing. The powder was then sieved through a USA 
Series 60 polyester mesh sieve.  The composite microstructure that results, whereby the TiB2 
surrounded areas of AL2O3, was designated as electrostatically dispersed (ESD). 

Powders from the two different mixing methods were then hot-pressed under the same 
conditions. The composites were hot-pressed in graphite dies in an argon atmosphere.  The 
temperature was raised from 20 °C to 850 °C at 10 °C/min, and then from 850 C° to 1650 °C at 
4 °C/min.  The temperature was held at 1650 °C for 4 hr and then cooled down at 10 °C/min to 
20 °C.  A pressure of 35 MPa was applied to the powder compact at the beginning of the heating 
cycle and maintained through the final hold at 1650 °C, then released prior to cool down.  

                                                 
*A16SG, Alcoa, Pittsburgh, PA. 
†Grade D, H. C. Starck, Newtown, MA. 
‡Turbula Mixer, Glen Mills, Inc., Clifton, NJ. 
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2.2 Characterization 

The elastic modulus was measured using the procedures described in ASTM C 1259 (5) and 
densities of the compacts were measured using the Archimedes water immersion technique.  
Samples were sectioned and polished for microstructural analysis.  Microscopy was performed 
on a scanning electron microscope (SEM) using the backscatter mode. 

DOP ballistic testing was conducted using a 65-g, L/D = 10 tungsten rods striking the sample at 
1500 m/s.  The rod was 7.8 mm in diameter, 78.7 mm long, and made from a tungsten heavy 
alloy (WHA) which was 93% W/ 4.9% Ni/ 2.1% Fe.  The samples tested were 100 mm in 
diameter and 25 mm thick.  These targets were mounted on rolled homogeneous armor (RHA) 
steel, semi-infinite witness blocks, with a thin layer of two-part epoxy.  The target configuration 
is shown in figure 2.  The velocity of the projectile and the pitch and yaw were determined using 
flash x-rays in all DOP tests.  The maximum acceptable pitch-yaw angle was 1.5°. 

Figure 2.  DOP test configuration. 

From the DOP test data, mass efficiency, (em), space efficiency (es), and quality factor (q2) can 
be defined by the following equations (6): 
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where PWITN is the DOP of the projectile into the semi-infinite witness plate without the ceramic 
facing; PR is the penetration of the projectile into the semi-infinite witness plate with the ceramic 
mounted to the front face; TCER is the thickness of the ceramic applied to the face of the witness 
plate; and ρ refers to the density of the respective materials.  It can be seen that em and es are 
dimensionless factors that compare the ballistic performance to RHA steel.  The em and es of the 
reference witness plate are 1; thus, a higher number denotes better ballistic performance as 
compared to the reference backing material.  Because both the weight of the armor and the space 
it takes up are critical factors in designing armors, the armor quality factor, q2, is important to 
armor designers because it relates both the mass and space efficiencies. 

Pieces of the ceramic were recovered after the ballistic test.  The pieces were sectioned, 
mounted, and polished. Microstructural characterization was performed using an SEM in the 
backscatter mode.  

3. Results and Discussion 

This study used the same Al2O3/TiB2 composition to produce two different microstructures and 
to investigate the effect of microstructure on the ballistic performance.  Results show that the 
only significant difference in the two composites is the microstructure.  The density and the 
elastic modulus of the different composites were measured. The density of  the microstructures 
were equivalent:  both the MM composites and the ESD composites had a density of 4.0 g/cm3.  
The theoretical density for the composite, as determined by the rule of mixtures, was 4.1 g/cm3.  
In addition to having a similar density, the elastic moduli were similar.   

Figure 3 shows that the microstructure for the ESD composite is very different from the MM 
composite.  In the MM composite, the TiB2 is dispersed uniformly within the Al2O3 matrix.  In 
the case of the ESD composite, the TiB2 surrounds large agglomerates of Al2O3, forming a 
continuous TiB2 phase around islands of Al2O3.  This structure is developed in the electrostatic 
dispersion due to the static electricity that builds up on the particles during the dry Turbula 
mixing; charge differences fix the TiB2 to the Al2O3 agglomerates.  When this powder is hot-
pressed, the TiB2 coating on the Al2O3 agglomerates is maintained. 

Ballistic properties of Al2O3/TiB2 composites impacted with the L/D = 10 tungsten alloy rod at 
1500 m/s are presented in figure 4.  It can be seen that there is no significant difference in the 
ballistic performance of the two composites.  The average penetration for the MM composite is 
32 mm with a standard deviation of 8 mm vs. 34 mm with a standard deviation of 4 mm for the 
ESD composite. The spread in the data is the same for the hot-pressed silicon carbide tested, 
which had an average penetration of 29 mm and a standard deviation of 8.  This hot-pressed 
silicon carbide is a mature, commercially available, armor ceramic.  This variation is typical of 
ceramic materials tested in a DOP test.   
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Figure 3.  Microstructure of ESD composite on left and MM composite on right. 

Figure 4.  Summary of DOP experiments as described in experimental procedure:  
penetration into RHA backing vs. ceramic areal density against the  
L/D = 10 rod at 1500 ms–1 (4). 

Palicka and Rubin reported the average DOP of hot-pressed Al2O3 as 37.4 mm for an areal 
density around 108 kg/m2 tested under similar conditions (7).  The average DOP of a hot-pressed 
Al2O3 is greater as compared to the average DOP for Al2O3/TiB2, however, all alumina DOP 
results fall within the range of DOP results for the composites.  It is not certain that the addition 
of TiB2 increases the ballistic performance, although it appears likely that it has some positive 
effect.  The large spread in DOP data for ceramics makes it difficult to draw conclusions based 
on a small number of tests; comparisons based on a couple of ballistic tests are very suspect.  
Unfortunately, due to the costs and complexity of the ballistic testing, this is often done.  
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Determining the effect of the TiB2 on the Al2O3 matrix was outside the scope of this 
investigation. 

In this study there was no significant difference in ballistic performance of the composites tested 
despite very different microstructures that were produced.  When these results are compared to 
the earlier testing conducted by UDRI on materials furnished by GTRI, the results are similar 
(2).  Those tests were done on tiles of the same thickness using the same 65-g WHA test rod 
striking the target at 1500 m/s.  The target configurations were similar; thus, a direct comparison 
of the ballistic results is possible.  The composites furnished by GTRI were made using a 
composite powder formed using a self-propagating high-temperature synthesis (SHS) reaction 
(1).  The average em for the SHS Al2O3/TiB2 composites tested by UDRI was 3.0 and the highest 
em was 4.1.  Logan (1) concluded that the microstructure of the tile that gave the em of 4.1 was 
different from the others tested because it had a greater amount of TiB2 surrounding the Al2O3.  
She postulated that the superior ballistic performance was due to the greater amount of TiB2 
distributed around the Al2O3.  The average em of the Al2O3/TiB2 composites tested in the current 
study was 3.0 and the highest em was 4.3.  However, the em of 4.3 was given by a composite 
where the TiB2 is dispersed in the Al2O3.  As can be seen in figure 5, the microstructure of the 
composite formed using the SHS-derived powder is different from the two microstructures tested 
in our study.  The premise that the difference in ballistic performance is due to the difference in 
microstructure has not been supported by this study.  In fact, the observed difference falls within 
the expected spread of DOP results for ceramics. 

Figure 5.  Microstructure of Al2O3/TiB2 composite made from SHS-derived powder. 
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In previous work performed in our laboratory, composites prepared by GTRI were tested using a 
larger WHA L/D = 13 projectile that is 30% longer and twice the mass of the L/D = 10 
projectile.  The ceramic targets were 40 mm thick vs. 25 mm used in this study.  The results are 
shown in figure 1.  Composite targets were made using both mixed Al2O3/TiB2 powders and 
composite powders formed via an SHS reaction.  The best em obtained with the larger projectile, 
em = 4.4, is very close to the best em (4.3) in the current study, despite the differences in the 
testing.  The average em in that study was 3.3, compared to an average em of 3.0 in this study.  
Although it is not possible to make direct comparisons when there are differences in the 
projectile and target thickness, in this case it is safe to conclude that the differences observed in 
the ballistic performance were due to the usual random variation in ceramic DOP results and not 
due to differences in microstructure.  In this study, our highest em was given by the microstucture 
that had TiB2 dispersed within the Al2O3 (MM) as opposed to the previous study where the best 
em was given by the composites made with mixed Al2O3/TiB2 powders where the TiB2 was 
surrounding the Al2O3.  This indicates that the observed differences in ballistic performance are 
due to the inherent variability in ceramic DOP tests.  Because of the large spread in the DOP 
results for ceramics, extreme care must be taken when analyzing the data, and the sample size 
must be large enough to get a good indication of the standard deviation.   

When the ballistic performance of the Al2O3/TiB2 composite is compared to a hot-pressed silicon 
carbide, the silicon carbide is clearly superior.  From figure 4 it can be determined that silicon 
carbide has an average em of 4.5, es of 1.8, and a q2 of 8.3, while the Al2O3/TiB2 composite has 
an average em of 3.0, es of 1.5, and a q2 of 4.6.  

Although none of the Al2O3/TiB2 composites microstructures tested in this study had an effect on 
the ballistic performance, more work is needed to understand the effect of microstructure on 
ballistic performance.  It would be a mistake to conclude that because the different 
microstructures tested in this study had no effect, microstructure will not have an effect on 
ballistic performance. 

4. Summary 

Our investigation to assess the effect of microstructure on Al2O3/TiB2 composite ballistic 
performance demonstrated that distinctive microstructures could be developed and controlled by 
a variety of processing methods. A systematic ballistic evaluation was completed using 65-g 
L/D = 10 projectiles at a velocity of 1500 m/s.  None of the microstructures tested had an effect 
on the ballistic properties of the composites.  The process of mixing dry powders to 
electrostatically disperse the TiB2 around the Al2O3 grains resulted in composite structures that 
were as effective as those that had the TiB2 dispersed in the Al2O3, and both proved similar to 
composites made for powders derived for SHS reactions.  The addition of TiB2 to the Al2O3 
matrix had no deleterious effect on the ballistic performance and may have enhanced the ballistic 
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performance of the Al2O3 matrix.  Al2O3/TiB2 composites do not result in em, es, and q2 values as 
high as a state-of-the-art hot-pressed silicon carbide and it may be concluded that Al2O3/TiB2 
composite structures will not be as effective as hot-pressed silicon carbide as an armor ceramic. 
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  PO BOX 28255 
  SAN ANTONIO TX 78228-0255 

 
 

ABERDEEN PROVING GROUND 
 
 41 DIR USARL 
  AMSRD ARL WM  
   J SMITH 
  AMSRD ARL WM M 
   J BEATTY 
  AMSRD ARL WM MA 
   S MCKNIGHT 
   R JENSEN 
  AMSRD ARL WM MB 

T BOGETTI 
L BURTON 
A FRYDMAN 

AMSRD ARL WM MC 
M MAHER 

AMSRD ARL WM MD 
J CAMPBELL 
B CHEESEMAN 
E CHIN 
P DEHMER 
K DOHERTY 
R DOOLEY 
S GHIORSE 
G GILDE 
C HOPPEL 
M KLUSEWITZ 
J LASALVIA 
J MONTGOMERY 
P PATEL 
W ROY 
J SANDS 
B SCOTT 
S WALSH 
S WOLF 
C YEN 

  AMSRD ARL WM RP 
   C SHOEMAKER 
  AMSRD ARL WM T 
   B BURNS 
  AMSRD ARL WM TA 

M BURKINS 
W GOOCH 
T HAVEL 
E HORWATH 
J RUNYEON 
M ZOLTOSKI 

  AMSRD ARL WM TB 
   P BAKER 
  AMSRD ARL WM TC 
   R COATES 
  AMSRD ARL WM TD 
   S SCHOENFELD 
  AMSRD ARL WM TE 
   A NILER 
  AMSRD ARL CS AP EG 
   M ADAMSON 
  AMSRD ARL SL 
   P TANENBAUM 
  AMSRD ARL SL BB 
   D BELY 
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INTENTIONALLY LEFT BLANK. 


