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ABSTRACT

High performance and low cost are the two essential requirements necessary
for advanced ceramics to be considered for incorporation into future armor
systems. This work involved a comprehensive program, focused on
aluminum nitride based ceramics, which examined the critical ceramic
processing parameters and studied the impact these modifications had on
ballistic performance. The accomplished objective was to demonstrate that
low-cost fabrication methods could be utilized to produce high performance
aluminum nitride based ceramics. Using a spray-dry, dry-press, pressureless
sintering process, thick aluminum nitride tiles were produced with ballistic
performance equivalent to hot-pressed AIN materials. Several grades of AIN
powders with a broad range of chemistry and particle size characteristics were
examined. Because of their potential impact on tile manufacturing costs,
different sintering additives were also studied. Prior to ballistic testing,
sinterability was first established for each formulation tested. While
penetration resistance against a quarter scale tungsten long rod penetrator
(LRP) was the ultimate measure of performance during this program, several
other ballistic tests were also performed. Ballistic limits were obtained for
ceramic targets with a .30 caliber AP simulant and depth of penetration tests
were performed against .50 caliber APDS and SLAP rounds. The light caliber
tests were used as screening tools to guide AIN powder and sintering aid
optimization. Dynamic compressive strength, determined by a SHPB (split
Hopkinson pressure bar), was also found to be useful in guiding material and
process selection. Finally, AIN/SiC composites were found to have enhanced
ballistic penetration resistance characteristics and offered the potential for
even greater cost/performance benefits compared to the baseline materials.
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1.0 INTRODUCTION

Ceramic armor has been identified as a potentially significant structural
ceramic opportunity.l Based on the fit with its non-oxide technology base and
the near term markets, The Dow Chemical Company has championed the
recent development of ceramic based armor. However, despite impressive
performance advantages, price has been a major stumbling block to the
incorporation of ceramics into U.S. armored vehicles. The primary ceramics
being considered for use as armor include alumina, boron carbide, titanium
diboride and silicon carbide.2 These materials are extremely hard, have high
strength, are relatively lightweight and are typically expensive. Of these
ceramics, only alumina is sintered and has the desired pricing for ceramic
armor. Unfortunately, alumina does not offer the dramatic ballistic
improvement to justify its use. Based on an economic analysis of ceramics
production, cost was shown to be extremely volume sensitive.3 Currently,
there are few applications for non-oxide, structural ceramics which offer the
appropriate economies of scale (>1 million pounds).

Scientists at Lawrence Livermore National Laboratory (LLL.NL) reported that
AlIN plastically deformed under high pressure testing.4 The pressures studied
are similar to those which occur during a ballistic event and postulated that,
despite its atypical ceramic armor properties, it might be a useful armor
material. Meanwhile, interest in aluminum nitride has grown rapidly over
the past ten years because of the need for a high thermal conductivity
electroceramic.5 The development of fine, high purity powders has enabled the
densification of AIN and resulted in tremendous excitement for a high
thermal conductivity substrate and BeO replacement. Dow has identified AIN
as a potentially large ceramic powder opportunity and has developed the
capability for producing large quantities of high quality AIN powder. Based on
the potential economies of scale from the electroceramics applications and the
surprising results by Heard and Cline at LLNL, AIN, as a dual use material,
could meet both the performance and the cost requirements for ceramic
armor.

A proposal, " Development of Aluminum Nitride: A New Low-Cost Ceramic
Armor", was written to DARPA (Defense Advanced Research Project Agency)



in response to RFP (Request For Proposal) BAA-88-02, under a special
Congressional Balanced Technology Initiative (BTI) program. Several
technology areas were included in the BTI and armor was just one aspect of
the broad based program. A contract was awarded to determine if aluminum
nitride ceramics could provide the necessary combination of high penetration
resistance and low manufacturing costs. Contract No. DAAL03-88-C-0012 was
funded at $390,000 over a 18 month period which started August 1, 1988. While
the proposal included a provision for 2 optional years at ~$250,000/year, only
one of those was subsequently funded.

The overall objective of the aluminum nitride contract was to develop low cost
processing technology to fabricate large, high performance, aluminum nitride
tiles. Building on Dow's successes in the electroceramics area, a spray-dry,
dry-press, sintering process was chosen for this program.6 By determining
the interrelationships between ballistic performance and the critical
processing variables, a relative cost/performance formula could be established.
The initial phase of the contract was divided into two tasks. The first task
involved establishing baseline data and determining the critical processing
variables through a series of screening studies. The second task determined
the ballistic performance of selected compositions with light threats and then
based on this data, a few formulations were scaled up to a 10 ¢cm dia. by 5 cm
thick tile for quarter scale long rod penetrator (LRP) testing.

The first task of the contract involved the selection of aluminum nitride
powders and establishing baseline properties on hot-pressed samples of the
chosen powders. Hot-pressed ceramics are typically purer, have higher
densities and usually result in superior mechanical properties than sintered
products. By comparing the sintered results with those of the hot-pressed
materials, one can ascertain the effect of the sintering parameters on the
mechanical and ballistic performance of aluminum nitride ceramics. The
baseline data generated during this phase of the contract, including ballistic
and dynamic compressive test results from Southwest Research Institute
(SwRI), will be described in this report. The selection and characteristics of
the aluminum nitride powders will also be discussed. The hot-press
conditions employed to prepare these samples and the resulting chemical and
physical characteristics will be detailed as well.



Parallel to the hot-press study, two statistically designed screening studies
were undertaken to establish sintering formulations and processing
conditions suitable for achieving high densities. Based on the results of these
two sets of designed experiments, twenty compositions were selected for an
extensive evaluation of their ballistic and mechanical properties. Light caliber
ballistic screening tests included ballistic limit determinations with a .30
caliber AP simulant and depth of penetration measurements with .50 caliber
APDS and SLAP rounds. These tests were conducted at the University of
Dayton Research Institute (UDRI). The intent of this evaluation was to guide
the selection of a few promising AIN formulations which were expected to
meet the performance and cost goals of the contract. Sintered tiles (10 cm dia.
X 4.5 cm high) were then manufactured from the chosen compositions and
tested against the LRP.

The final phase of the contract examined the ballistic characteristics of
AIN/SiC composites. This composite system was chosen because both
components have the potential of being low-cost, since they are sinterable
materials with dual use capabilities. Silicon carbide and aluminum nitride
have also been shown to have excellent ballistic properties against a variety of
threats. While preliminary ballistic data? and sintering studies of AIN/SiC8
materials have been encouraging, up until now a detailed analysis of this
system for ballistic applications had not been done. Similar to the initial phase
of this contract, a combination of processing and ballistic screening studies
was utilized. The ballistic screening test was however, limited to .50 caliber
SLAP D.O.P. measurements. Two composites were evaluated against the
program standard LRP. Both of these sets of tests were performed at UDRI.



2.0 TECHNICAL WORK
2.1 Hot-Pressed Aluminum Nitride
2.1.1 POWDER SELECTION AND CHARACTERIZATION

Since the focus of this program was to establish cost/performance information,
powders with different qualities, and potentially different values, were desired
to establish differences. Therefore, powders were selected, from commercially
available sources, primarily to achieve a range of chemical and particle size
characteristics. It was not the intent of this study to critically evaluate the
various powder grades or their manufacturers. In addition, since this
program started in 1988, the powders used may not reflect the quality or grades
that are currently available. Based on economic and resource limitations, only
five grades of powder were studied during this contract.

Since the premise of this proposal involved the utilization of a potentially low
cost supply of powder produced by The Dow Chemical Company, a Dow
powder® was the first material chosen. At the same time that Dow's AIN
powder capabilities were being developed, AIN sintering and processing
technology was being developed using Tokuyama Soda powder.9 This powder
is prepared, similar to Dow, via the carbothermal route and was the premier
AIN product being marketed at that time. A second carbothermal powder was
needed for this contract as a comparison to the Dow powder. However, since so
much was already known from earlier work about the sintering and ballistic
characteristics of the Tokuyama Soda powder, there would be little value in
repeating much of that work. Therefore, instead, the higher purity and finer
Sumitomo Chemical powder, grade ANH-10 was chosen.# The remaining 3
powders selected were various grades of powders produced by the direct
nitridation of aluminum metal. Denka AP-10% was selected because of its
high surface area and moderate purity. Toyo Aluminum's TOYALNITE, F
grade® was coarser but had lower impurity levels. The lowest quality powder

9 Armor Grade, the Dow Chemical Company, Midland, MI.

# ANH-10, Sumitomo Chemical Co. LTD, Niihama, Japan

$ AP-10, DENKI KAGAKU KOGYO K. K., Tokyo, Japan

§ TOYALNITE F Grade, TOYO ALUMINUM K. K., Osaka, Japan
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chosen was ART grade 200.¢ This product had a broad particle size
distribution and high levels of metallic impurities.

The initial hot-press experiments used 1 kg powder samples which were
evaluated under a previous research program.10 When the contract started
and after the selection process was completed, the AIN powders were ordered
in quantities of at least 25 kg. Larger amounts of Denka and Dow were
purchased, since they were chosen as model powders which were used in
other Phase I, screening studies. The lot numbers and physical
characteristics of the original AIN powders used during the experimental
stage of the hot-press study are detailed in Table I. From the representative
SEM photomicrographs of the powders, shown in Figure 1, and the other
measured parameters, it can be seen that each powder is clearly different and
that a broad range of powder characteristics have been represented.

Table 1
Aluminum Nitride Powders Evaluated During Contract

POWDER ART Sumitomo |TOYO AL DOW DENKA
GRADE A200 ANH-10 F ARMOR AP-10
LOT # 870511 HI17221 8F.007 362425 | 10Pr8612
"TYPE Nitrided Al | Carbothermal | Nitrided Al | Carbothermal| Nitrided Al
SIZE* (um) 3.21 0.9 1.32 1.46 1.8
SEM values
High (um) 12 0.6 6 1.2 3
Low (um) 0.2 0.1 0.2 0.2 0.1
Mean (um) 4.0 0.3 15 0.3 1.0
BETS$ (m2/g) 18 49 34 2.5 4.1
O (wt. %) 1.68 1.78 153 1.20 1.80
C* (wt. %) 0.06 0.19 0.13 0.12 0.20
Fe (ppm) 500 <5 49 49 141
Si (ppm) 150 76 176 114 125
Ca (ppm) 15 60 13 570 6
Cr (ppm) 1 13 1 ND <10 5

Metallic Impurities measured by X-ray Fluorescence (XRF).£

¢ ALNEL 200, Advanced Refractory Technologies, Buffalo, NY
# CAPA-700, Horiba, Ltd, Kyoto, Japan

8 Monosorb, Model MS-6, Quantachrome, Syosset, NY

* TC-136 and IR 212, LECO Corp., St. Joseph, MI

£ Philips 1404, Mahwah, NJ




Fig. 1. SEM photomicrographs of the aluminum nitride powders used for this
hot-press study and evaluation.
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Fig. 1. B. Nitrided Aluminum AIN Powders
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2.1.2 HOT-PRESS OPTIMIZATION

The first task of this hot-press program was to establish the optimum hot-press
temperature for each powder being examined. From previous studies, it was
determined that AIN could be densified in the temperature range of 1800 -
1900°C and 24 MPa (3500 psi) of pressure. Since densification is a function of
average particle size and surface area, one would expect variations in the
densification behavior of these five AIN powders. Also, in order to evaluate the
impact of powder chemistry and particle size distribution on the mechanical
and ballistic performance, average grain size of each sample should be
roughly equivalent. Therefore, each powder was studied at 100°C intervals
between 1700°C and 2000°C. The maximum pressure was kept constant at
34.5 MPa (5000 psi).

2.2 cm (7/8") diameter split cylinder graphite dies were used for most of the
preliminary hot-press runs. The Dow samples were fabricated last and
because of wear to the smaller dies, a 3.8 cm (1.5") diameter die was used. The
split dies had a 7.6 cm (3") outer diameter and were supported by a 7.6 cm (3")
x 15.2 cm (6") x 9.5 cm (3.75") solid graphite hoop. 12.5 g of AIN powder was
loaded into the die which was lined with GRAFOIL®S . Two different powders
were pressed at the same time and were separated from each other using two
0.025 cm (10 mil) GRAFOIL® sheets. The expected thickness for the hot-
pressed parts was 1 cm. In order to obtain a sample of approximately equal
thickness, 47 g of the Dow powder was used with the larger die.

The typical heating cycle employed was 33°C/min up to 1200°C, then 25°C/min
to 1700°C, followed by 10°C/min to 1850°C and ending with the modest heating
rate of 5°C/min up to the desired maximum temperature of 1900°C or 2000°C.
When the desired temperature was 1700°C, then the heating rate reduction
occurred at 1600°C. This heating schedule minimizes overshoot of the desired
temperature, as well as maintaining a more uniform sample temperature. A
30 minute hold at the maximum temperature was consistent for all of the
samples. An initial load equivalent to ~3.7 MPa (500 psi) was applied to the die
stack during heat-up. The uniaxial load was increased over a five minute

§ GRAFOIL®, Union Carbide, Cleveland, OH



period to the maximum pressure at 1500°C. A representative heating and
pressure schedule for a 1900°C hot-press run is shown in figure 2.
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Fig. 2. Actual 1900°C hot-press run for Sumitomo and Denka AIN powders,
showing heating and pressure schedules and observed shrinkage behavior for
12.5 gram pellets in a 2.2 ¢cm die.

The pressure assisted densification of aluminum nitride was observed to be
related to the ultimate particle size and distribution, and purity of the five
powders. In figure 3, percent theoretical density is shown as a function of the
hot-pressing temperature for each powder.

Hot-pressing was extremely effective in densifying all of the five aluminum
nitride powders. However, the minimum temperature required to obtain
complete densification increased with increasing particle size. The two
carbothermal powders were essentially dense at 1700°C, while the broad
distribution of the nitrided aluminum powders and the higher average particle
size required the use of higher hot-pressing temperatures to achieve equivalent

9
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densities. Despite being coarser than the Sumitomo powder, the Dow powder
was slightly more active. The Dow powder achieved ~99% T.D. as low as
1600°C. The higher impurity content of the Dow powder, 570 ppm Ca, is most
likely responsible for this improved densification behavior. The ART powder
which had the highest average particle size, was not able to achieve full
density at 2000°C.
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Fig. 8. Hot-pressed densities for the five aluminum nitride powders as a
function of temperature.

While density is critical to the mechanical and ballistic performance of
aluminum nitride ceramics, grain size may also play a role. Therefore, the
effect of hot-pressing temperature on the average grain size of the five powders
was examined. Average grain size was estimated using a modification of
ASTM standard, E112-84, and straight line intercept methods with a computer
interfaced digitizing pad. To meet the requirements of the ASTM standard, a
magnification of 2000 times and typically 2 or 3 fields were necessary. For the
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line intercept method, a minimum of 50 and more typically, 100 grains were
measured. The results of this study are shown in figure 4. As expected, grain
size increased with increasing temperature, but the growth was not
exaggerated even at 2000°C.
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Fig. 4. Average grain size for the five hot-pressed aluminum nitride powders
as a function of temperature.

A major objective of this baseline study was to determine if there were any
performance differences observed which resulted from the unique
characteristics of these five powders. With this goal in mind, it was important
to minimize the potential for other effects, such as grain size and density, to
dominate and hence control the mechanical and ballistic properties.
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Based on this assumption and using the results of the hot-pressing study, the
conditions for scale-up, described in Table II, were chosen to optimize density
while maintaining roughly an equivalent average grain size for each powder.
Except for the carbothermal materials, the temperature selected was dictated
by the highest achievable density. The densification window was significantly
large for Dow and Sumitomo AIN, that the ultimate grain size became the
determining factor in selecting the specific hot-pressing conditions. The
targeted density and grain size values were ~100% of theoretical density and 2
to 4 microns respectively.

Table I
Optimized Hot-Pressing Conditions for Ballistic Targets
 POWDER | ARIT | Sumitomo [TOYOAL | DOW | DENKA |
| Temp. °C 1950 1850 1950 1800 1900
Time (min) &) 40 &0 30 0

Powders used for this phase were taken from the 25 kg lots which were ordered
at the start of the contract. As shown in Table III, the properties of these
materials were very similar to the original AIN powders described earlier in
Table 1. Seven tiles were hot-pressed of each powder. Ballistic tests at SwRI
required 10.2 cm (4") diameter tiles and at least two areal densities. Therefore,
4.6 cm (1.8") and 3.1 em (1.2") thick tiles (three of each size), corresponding to
areal densities of 15 and 10 g/cm2, were pressed from each AIN powder. In
addition, a 7.6 cm (3") square tile by 1.5 cm (0.6") thick, which was used for
determining mechanical properties, was also hot-pressed from each material.
In all cases, new carbon-carbon composite hoops were used to support the
graphite dies. The 19 cm (7.5") O.D. x 11.4 em (4.5") 1.D. x 15.2 cm (6") high,
graphite fiber reinforced cylinders provided the needed strength and
dimensions to produce the large tiles for this program. The heating schedules
were similar to the earlier runs, but the applied pressure was lower at 24.1
MPa (3500 psi).



Table IIT
Characteristics of AIN Powder Used in Preparing Ballistic Targets

T POWDER ART Sumitomo TOYO AL DOW | DENKA
~ GRADE A200 ANH-10 F ARMOR AP-10
LOT # 28467 HI18102 SF.020 | 89062048 | 10PF8612
TYPE N C N C N
SIZE um)| 3.15 0.9 2.36 168 1.8
SEM values
High (um) 12 0.6 6 1 3
Low (um) 0.2 0.1 0.2 0.2 0.1
Mean (um) 4.0 0.3 15 04 1.0
BET (m2/g) 2.2 49 26 297 4.1
0 (wt. %) 1.35 1.19 1.69 115 1.80
C (wt. %) 0.09 0.19 0.09 0.13 0.20
Fe (ppm) 662 <5 46 26 141
Si (ppm) 251 23 236 176 125
Ca (ppm) 10 35 14 444
Cr (ppm) 9 <5 <5 16 5

2.1.3 PHYSICAL AND MECHANICAL PROPERTIES

Specimens for measuring the physical and mechanical characteristics of the
five AIN hot-pressed materials were prepared from 7.6 cm x 7.6 cm x 1.5 cm
billets. These tiles were hot-pressed using the same conditions, Table II, as
employed for producing the larger ballistic specimens. It was assumed then
that the properties of these billets would be representative of the ballistic
samples.

Photomicrographs of the hot-pressed powders are shown in figure 7 and reveal
that the two carbothermal materials have noticeably finer microstructures
than the nitrided materials. ART and Toyo Aluminum had comparable
microstructures and were somewhat coarser than the DENKA product. While
some differences in grain size are apparent, all five powders were
manufactured to a very high density. The five materials had densities,

13



measured by immersion using archimedes principle, which were greater
than 99% of theoretical. Based on these observations, the hot-press
temperatures for the carbothermal powders needed to be inicreased in order to
obtain more similar microstructures for all of the aluminum nitrides, while
still maintaining the desired high density. Since the grain size differences
appear to be less than a factor of 2 or 3, any performance advantage a
particular powder would have should not be grain size related. This is
particularly true since none of the materials have microstructures which are
close to the critical grain size where the mechanical and ballistic performance
degrades rapidly.11

Oxygen and carbon levels for the hot-pressed pieces were measured with
LECOY carbon determinator IR212 and TC136 oxygen/nitrogen determinator
after crushing in a diamond embedded steel mortar to -100 mesh. These
values were consistent with the powder values. Oxygen content slightly
decreased during hot-pressing, while the carbon levels were unchanged or
showed a modest increase. This result is expected from the heavily reducing
carbon environment present when using graphite dies and a graphite furnace.
Interestingly, the hot-pressed products were all different shades of gray. The
Dow samples were the darkest materials, while the ART billets were the
lightest. The Sumitomo powder resulted in a product which was a mixture of
light and dark regions. None of these observations appear to be associated with
the bulk chemistry of the powders or parts and an in depth analysis of this
phenomenon was not pursued.

¥ LECO Corporation, St. Joseph, MI
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Fig. 5. Photomicrographs of the hot-pressed aluminum nitride billets used for
mechanical evaluation and representative of the ballistic specimens.

A. Carbothermal Aluminum Nitride




Fig. 5. B. Nitrided Aluminum Materials
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The measured values for the two physical parameters, density and grain size,
and the respective carbon and oxygen contents are detailed in Table IV.

Table IV
Physical Parameters of Hot-Pressed Aluminum Nitride Billets
POWDER ART Sumitomo [TOYO AL DOW | DENKA
GRADE A200 ANH-10 F ARMOR AP-10
—__1oT# 28467 | HI8I02 | BF.020 | 89062948 | 10PF8612
Density (g/cm3) 3.227 3.250 3.237 3.238 3.241
% T.D. 99.0 99.7 99.3 99.3 994
Grain Size(um)| 4.1+1.9 2.0+0.8 3.7+1.3 2.3+1.0 3.0+1.2
Oxygen (wt. %) 1.2 15 1.3 1.0 1.0
Carbon (wt. %) 0.042 0.024 0.029 0.067 0.104

Specimens for the various mechanical tests were machined out of the five hot-
pressed square tiles. The 4-pt. bend tests utilized MIL-STD-1942B, except for
the non-reticulated supports. At least twelve of the 3 mm x 4 mm x 45 mm
bars were tested for each material. The crosshead speed was 0.054 cm/min.
Average flexural strength and Weibull modulus was determined for all five
powders. The sonic properties of two bend bars from each powder set, were
measured using the pulse-echo method.12 Microhardness was measured with
a Vickers diamond indentor and a load of 9.8 N (1000 grams) using a Tukon
Model 300 hardness tester. Averages of at least ten randomly positioned
indentations were measured.

Two types of compression data were generated during this study. The method
for measuring the static compressive strength of ceramics which was
developed at MTL (US Army Materials Technology Laboratory)13 was utilized
for analyzing these hot-pressed materials. Two dumbbell shaped specimens,
with an overall length of 3 cm (1.2"), a diameter of 1 cm (0.4") and a reduced
section of 0.5 cm (0.2"), were tested for each powder.

An examination of the mechanical characteristics of the hot-pressed
aluminum nitride parts revealed some interesting observations. The average
values measured for the aluminum nitride powders studied during this phase
of the contract are detailed in Table V. The number of specimens used to
determine the average strength values and corresponding Weibull modulus
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are listed next to the recorded values. The sonic properties, modulus,
poisson's ratio and sound speeds, were nearly identical for all of the five AIN
powders.

Table V
Mechanical Properties of Hot-Pressed AIN
POWDER ART Sumitomo (TOYO AL DOW DENKA
Hardness (GPa) | 11.0+04 | 11.6+04 | 11.0x04 | 11.2+0.6 | 10.8+0.3
[ Flexure (MPa) 320+ 46 310+41 377+25 326+ 44 351+35
Weibull 7.1 (15) 710D 151 (12) 7.0(11) 9.2(9)
Compressive 4.1 (3) 3.9(1) 45 4) 3.8(1) 3.9(2)
(GPa)
Modulus (GPa) 314 322 318 321 320
Poisson's Ratio 240 236 239 237 239
Long.(km/sec) 10.72 10.76 10.74 10.75 10.79
Shear (km/sec) 6.27 6.33 6.29 6.32 6.32

* Values in parentheses represent the number of samples used to determine
that parameter.

The nitrided materials as a group were stronger, both in compression and

flexure, than the carbothermal materials. Toyo Aluminum's powder
produced the material with the highest compressive and flexure strength. The
measured difference between the high and low strength materials was nearly
20%. While there were insufficient flexure data points for generating good
statistics (a minimum of 30 bars is usually required), the Weibull plots did
produce numbers with high correlation coefficients for all of the samples.
From the standard deviations, these differences are significant and reflect the
intrinsic properties of the five studied powders. Potential anomalies as a
result of orientation effects should be minimal since these aluminum nitrides
are largely isotropic and all specimens were cut from the hot-pressed billets in
a similar manner. Several of the flexure samples did fail at stress levels
significantly less than the mean. However, based on the examination of the
fracture surfaces and critical flaw sites, these samples were excluded when
determining the average strengths and Weibull moduli. They were not
representative of the material.



Due to problems associated with machining the small dumbbell shaped
specimens, there were only a limited number of samples available for
compression testing. However, the differences observed were again
significant. All of the data for the two highest compressive strength materials,
ART and Toyo Aluminum, were greater than the carbothermal products. The
carbothermal powders were found however, to produce harder ceramics than
the nitrided products, but this difference was substantially smaller (< 7%).

Dynamic compressive strength measurements used small right cylinders,
0.63 cm (0.25") dia. x 1.27 cm (0.5") high, were prepared by first coring out
blanks from the hot-pressed billets with a diamond drill and then machining
to the needed tolerances and finish. At least five specimens from each AIN
powder were sent to J. Lankford, SwRI, for both static and dynamic
compression testing. The static tests were performed with a standard Instron
testing frame, while a Hopkinson pressure barl4, figure 6, was utilized for the
high (103/sec) and moderate strain rate compression testing.
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'Fig. 6. Split Hopkinson Pressure Bar (SHPB) used at Southwest Research
Institute to measure high strain rate compressive strength of AIN ceramics.
This equipment also allows testing at elevated temperatures or pressures.

The pressure bar data and results from the quasi-static tests are plotted as a
function of strain rate in figure 7. Except for the ART material, only one data



point was measured under each condition. The quasi-static data are
consistent with the compression data obtained at Dow with the nitrided
powders having higher strengths than the carbothermal products. However,
the actual values were about 25% lower than the internally generated data.

While strength increased with increasing strain rate in all cases, the strength
advantage which the nitrided materials had under quasi-static conditions,
decreased dramatically at the highest strain rate. For monolithic ceramics, it
has been found that at strain rates > 102/sec, the stress/strain rate dependence
increases dramatically and follows a power law with an exponent of 1/3.16 At
the lower strain rate levels (< 102/sec), the compressive strength of ceramics is
only modestly affected by strain rate.
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Fig. 7. Compressive Strength of the five hot-pressed aluminum nitride
powders as a function of strain rate. Data generated by J. Lankford at SwRI.

During this study, each data point represents a single experiment, so there
was insufficient information available particularly in the 102 - 104/sec strain



rate range to verify whether AIN followed this trend. However, three of the
samples do show a significant deviation from linearity at the highest strain
rate, suggesting a change in the material's response. In addition, for the
highest strain rate data set, the five powders followed a trend of increasing
strength with strain rate. This could be a reflection of the power law effect and
indicate the sensitivity of strain rate on the measured compressive strength.
These observations could also suggest that any differences in material
characteristics are less significant when compared to the strain rate effect for
these hot-pressed aluminum nitride products.

2.1.4 BALLISTIC STUDIES

Twenty machined AIN tiles were prepared for ballistic testing. The samples
were coded according to size and powder type. The codes and dimensions of
the tiles are described in Table VI. These dimensions represent the largest
value measured for a given tile. The areal densities were all within 2% of each
other and the desired 10 and 15 g/cm?2.

Ballistic testing was performed at Southwest Research Institute(SwRI) by B.
Morris under the direction of C. Anderson. Residual penetration into 4340
steel, which was hardened to R, 27, was the figure of merit used during these
tests. 4340 bar stock (203 mm diameter) was machined out to accommodate the
ceramic tiles. The dimensions of the cut-out were 0.25 mm larger than the
ceramics. Epoxy was used to fix the tile in the holder and take up any
remaining air space. The tile was aligned flush with the steel stock, which
was 180 mm or 230 mm long. The majority of the tests used a 30 mm smooth
bore gun. The barrel length was either 3.66 or 1.83 m. The projectiles were
tungsten alloy long rods with length to diameter (1/D) ratios of 10 and 15. The
projectiles had a hemispherical nose with diameters of 8.18 and 7.16 mm, and
an average mass of 73.2 and 74.0 grams, respectively.

Using methodology developed by the US Army Materials Technology
Laboratory (MTL),7,15 baseline data for penetration into steel was generated for
each type of projectile as a function of yaw and velocity. Normalized
expressions were generated for each type of projectile by dividing the
penetration by the projectile length. These expressions were used to compute
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Table VI
Ceramic Targets for LRP D.O.P. Testing

CODE | Powder | Thickness | Diameter | Mass | Density | Areal

_ (cm) (cm) | (grams) | (g/cm3) | (g/em2)
A1801 ART 462 1004 | 11668 | 3240 | 14.97
A1802 ART 462 1004 | 11653 | 3.243 | 14.98
B1803_| Sumitomo 161 1006 | 11756 | 3214 | 14.80
Bi804 | Sumitomo 457 10.05 | 11655 | 3.267 | 14.93
C1805 | Toyo Al 162 1003 | 11651 | 3.243 | 14.98
C1806 | Toyo Al 4.61 1006 | 11723 | 3253 | 15.00
E1807 | DENKA 163 10.08 1183.7 | 3.2563 | 16507
E1808 | DENKA 163 1006 | 11789 | 3.257 | 15.09
DI809 | DOW 463 1006 | 11816 | 3264 | 15.12
Di810 | DOW 463 1005 | 11788 | 3.263 | 15.12
A1211 ART 3.08 10.01 7623 | 3212 | 9.90
A1212 ART 3.07 10.01 7616 | 3.220 | 9.88
B1213 | Sumitomo 3.07 .98 7632 | 3.238 | 995
BI214 | Sumitomo 308 | 10.01 7673 | 3237 | 9.96
C1215 | Toyo Al 3.07 10.02 7679 | 3.240 | 9.04
C1216 | Toyo Al 3.06 70.01 760.7 | 3.232 | 9.88
E1217 | DENKA 3.07 10.03 7686 | 38.231 | 9.93
Ei218 | DENKA 3.07 10.03 7692 | 3.235 | 9.03
D1219 | DOW 3.02 9.98 7498 | 3.263 | 9.85
D120 | DOW 3.02 9.95 7459 | 3264 | 987

the ceramic performance improvement compared to the baseline steel. In
addition, data were generated for Coors AD90 alumina at 1500 m/sec. This
material had been studied previously by MTL and was used as a second
confirmation of the validity of the test as well as a comparison for the
experimental ceramics. Flash x-rays were used to measure the velocity and
total yaw. The depth of penetration was measured on the x-rays of cut target
slabs from the top of the crater lip. The height of the crater was then
subtracted from this measurement to determine the penetration depth. The
preferred method is to measure the back of the steel slab to the point of
maximum penetration. However, because of the variability in the thickness of
the steel target holders this was not possible. The depth of penetration test is
schematically represented in figure 8.
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Fig. 8. Schematic of ballistic test performed at SwRI showing the residual
penetration measurement.

Proper interpretation of the aluminum nitride ballistic data generated at
SwRI, requires first an examination of the steel and alumina baseline data.
Penetration of the tungsten projectiles into 4340 steel is shown in figure 9. The
higher 1/D threat is substantially more lethal, resulting in higher penetration.
Projectile yaw had significant shot to shot variability and it needs to be taken
into consideration when evaluating these ballistic results. Ideally, the total
yaw should be as small as possible, but most ballistic labs consider values less
than 2° to be acceptable. During their analysis of the data (see section C of
Appendix), SwRI included all of the values shown in figure 9. However, since
the data were used to determine the baseline for subsequent tests, it was not
appropriate to include the I/D = 10 results which had a higher than acceptable
yaw. In Figure 10, the penetration results are replotted without the high yaw
values as a function of projectile velocity. This modification led to an improved
correlation coefficient and more accurately reflected the baseline penetration
into the steel. Using the SwRI fit would lead to a comparative value which
would be 3.5% under the actual ceramic performance.
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Fig. 9. Penetration data for two tungsten alloy projectiles into 4340 steel,
hardened to R, 27, as a function of projectile velocity. The total yaw of the

projectile for each shot is also shown.
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Fig. 10. Penetration data for tungsten alloy L/D = 10 projectile into 4340 steel,
as a function of projectile velocity, without the high yaw (>2.5) data points.
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The major objective of the SWRI program was to compare and evaluate the
ballistic performance of the ceramic materials being developed under BTI
funding. The methodology selected for the ballistic testing was carefully
scrutinized. Therefore, it was important from SwRI's prospective, that data be
generated on an accepted ceramic with an existing data base.15 Coors
alumina, AD90, was chosen for this purpose. AD90 was evaluated against
both projectiles at two different areal densities (two shots at each condition).
Hence, a total of eight alumina targets were studied.

Since the standard analysis used for depth of penetration ballistic data
requires several areal densities to be tested for each threat and this was beyond
the scope of the BTI armor contracts. SwRI developed a specific criteria,
scaled penetration reduction (SPR), for comparing the performance of the
various ceramics. The advantage of utilizing this parameter is that it provides
a means of evaluating materials with different areal densities with a limited
number of shots. In addition, the velocities do not need to be identical. This
would be especially important to a facility with a less than consistent ballistic
range. The physical significance of this measurement, however, is unknown
and a comparison to the more typically reported, mass efficiency would be
difficult. SPR is calculated by first determining what the penetration
capability for the same velocity of that shot would be into steel alone; then, the
actual depth of penetration into the steel is measured and the difference
recorded. That difference, which is the penetration reduction as a result of the
ceramic, is then divided by the areal density of the ceramic to obtain the final
result. The units for this parameter are mm/g/cm2. The alumina and
aluminum nitride ballistic results for both tungsten projectiles, L/D = 10 and
L/D = 15, are given in Tables VII and VIII, respectively. Except for one ART
tile (A1801), the thin AIN tiles (areal density of 10) were tested against the

L/D = 10 threat, while the thicker samples were (areal density of 15) shot with
the L/D = 15 projectile.




Table VII
D.O.P. Ballistic Results for LRP, I/D = 10

ID # |CERAMIC| A.D. VEL. | YAW | D.O.P.| CAP. | RED. | SPR

9 AD90 9.93 1484 5.81 43.2 72.2 29.0 2.92

10 ADI0 9.91 1513 3.15 481 74.7 26.6 2.69

2 ADS0 14.96 1498 043 38.6 734 34.8 2.33

6 AD90 1491 1500 0.44 36.1 73.6 375 251

A1211| ART 9.90 1502 1.07 39.4 73.8 34.4 3.47

Al212| ART 9.88 1504 0.66 42.6 73.9 31.3 3.17

A1801| ART 14.98 1499 5.56 12.0 73.5 61.5 4.11

B1213 [ Sumitomo| 9.85 1499 0.43 36.1 73.5 374 3.80

B1214 | Sumitomo| 996 1506 2.34 411 74.1 33.0 3.31

C1215 | Toyo Al | 9.94 1491 0.43 39.1 72.8 33.7 3.39

C1216 | Toyo Al | 9.88 1499 1.52 39.3 73.5 34.2 3.46

E1217 | DENKA | 9.93 1506 1.20 379 74.1 36.2 3.65

E1218 | DENKA | 993 1482 2.26 29.1 72.0 429 4.32

Di1219 | DOW 9.85 1457 1.52 36.7 68.4 31.7 3.22

D1220 | DOW 9.87 1505 1.35 41.8 74.0 32.2 3.26

D.O.P. is depth of penetration (mm) into the steel, CAP. is the penetration capability (mm) of
this threat into steel alone at the shot velocity, RED. is the penetration reduction (mm) as a
result of the ceramic being present, and SPR is the scaled penetration reduction parameter.

Table VIII
D.O.P. Ballistic Results for LRP, 1L/D = 15

ID # |CERAMIC| A.D. VEL. | YAW | D.OP.| CAP. | RED. | SPR

11 AD90 9.90 1508 2.57 58.8 88.1 29.3 2.96

14 AD90 9.90 1500 3.38 59.1 87.2 98.1 2.84

3 AD90 | 1494 | 1493 3.89 50.1 864 36.3 243

4 ADS0 14.91 1513 3.27 53.2 88.5 35.3 2.37

A1802 | ART 1497 | 1512 5.67 29.7 884 587 3.92

B1803 | Sumitomo| 14.80 1504 411 35.5 875 52.0 3.51

B1804 | Sumitomo| 14.93 1499 1.60 424 87.0 44.6 2.99

C1805 | Toyo Al | 1498 | 15038 433 874 44.1 2.94

C1806 | Toyo Al | 15.00 1510 2.33 419 88.2 46.3 3.09

E1807 | DENKA | 15.07 1482 3.67 33.7 85.2 51.5 342

E1808 | DENKA | 15.09 1511 547 31.0 88.3 57.3 3.80

D189 | DOW 15.12 | 15038 3.21 41.3 87.4 46.1 3.05

8 Velocity was estimated from powder charge and average velocities.

D.0.P. is depth of penetration (nm) into the steel, CAP. is the penetration capability (mm) of
this threat into steel alone at the shot velocity, RED. is the penetration reduction (mm) as a
result of the ceramic being present, and SPR is the scaled penetration reduction parameter.



For the L/D = 10 tests, the yaw was appropriately low for most of the shots.
Also, the average shot to shot variability was less than 10%. The advantage
aluminum nitride offers over alumina was relatively clear overall. The
distinction between the single, thick AIN tile and the two alumina tests at a
comparable areal density is especially vivid. The D.O.P. was reduced by a
factor of 3, which led to a nearly 80% increase in the scaled penetration
reduction (SPR) factor.

Launching the L/D = 15 projectile was apparently much more difficult for
SwRI, since the yaw values are consistently higher than the L/D = 10 tests.
The samples with the best ballistic performance also had the highest yaw. In
addition, the velocities for two of the tests were not measured. Estimated
values were used instead. Because of these difficulties, the significance of
these results are uncertain. However, the DENKA powder did produce tiles
which gave the best overall ballistic performance against both threats. While
the calculated efficiency difference between the highest and lowest samples
was ~15 - 20%, the actual differences may be substantially less due to the yaw
effect.

In general, relative to the steel backing material, alumina and aluminum
nitride were more effective in defeating the 1/D = 10 threat than the I/D = 15
projectile. This observation is vividly displayed in figure 11. The results also
suggest that the efficiency of alumina ceramics to defeat either tungsten
projectile decreased with increasing thickness. The scaled penetration
reduction factor was 15% lower for the tiles with an areal density of 15
compared to the thinner tiles. This was not the case for the only aluminum
nitride example which was shot with the same threat at two areal densities.
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Fig. 11. Average Scaled Penetration Reduction (SPR) values for alumina and
aluminum nitride for data for two tungsten alloy projectiles, IL/D = 10 and 15,
and two areal densities, 10 and 15 g/cm?2.

The advantage of the SPR factor compared to the standard D.O.P. method of
data analysis can be seen in figure 12, where the problems associated with
trying to extrapolate to zero penetration with limited data points are
illustrated. Because of the extensive extrapolation, the validity of that method
for these results is very questionable. As a basis for material comparison, all
of the five AIN powders were grouped together in that plot and considered as
typical AIN performance.
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Fig. 12 Ceramic Depth of Penetration (D.O.P.) data for two tungsten alloy
projectiles into hardened 4340 steel as a function the ceramic areal density.

2.1.5 DISCUSSION

The objectives of this hot-press study were to determine the critical powder
specifications for aluminum nitride and to establish baseline data from which
sintered products could then be compared. Five aluminum nitride powders
were chosen for this study and each was produced by a different
manufacturer. Represented by these five materials were the two major
manufacturing methods, the carbothermal reduction of alumina and the
direct nitridation of aluminum metal. Distinctions between the powders also
existed with regards to purity, particle size and particle distribution.
Fundamental issues which need to be considered include: whether there are
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any inherit differences between the two classes of AIN powders; does grain size
influence performance; does the level of the major contaminants in AIN,
carbon and oxygen, have an effect; what role do metallic impurities play in the
AlN's response to high strain rate conditions; and can high strain rate testing
help predict the ballistic performance of aluminum nitride.

During this study, the nitrided aluminum powders tended to have a higher
average grain size than the carbothermally produced materials. Since the
Dow and Sumitomo powders had a smaller particle size initially, the grain
size difference observed, which was only a factor of two, was not unexpected.
The particle size difference, while typical for many of the current
commercially available AIN powders, is not believed to be inherent to the two
specific manufacturing methods. However, as a material class, the nitrided
AIN samples had a higher quasi-static compression strength than the
carbothermal materials. This trend was consistent for both sets of
compression measurements. Compressive failure, unlike tensile or flexure,
does not depend on crack initiation of the worst flaw in the body. Failure
occurs due to the coalescing of microcracks which developed with increasing
applied load. The microstructure of the material, which determines the
characteristic and distribution of the inherent flaws, plays a critical role in
controlling the ultimate compressive strength. Since grain boundaries are
often crack initiation sites, strength typically increases with decreasing grain
size.17

However, in this study the samples with the higher grain size, the three
nitrided aluminum products, also had the higher strength. This may suggest
that the inherent flaws are more associated with the chemistry rather than the
size of grain boundaries. While it is not known whether there is a chemical
difference at the grain boundaries of these five AIN materials, since the
nitrided products are in general not as pure, especially compared to
Sumitomo, it would appear this should be a minor effect. Crack initiation sites
may also be associated with some other microstructural phenomenon.
Resolving this question requires additional testing and analysis. To identify
the crack initiation sites, the specimen must be loaded near but below the
fracture load, and then examined using electron microscopy techniques. This



analysis may provide some valuable insights into the response of AIN
materials under compressive loading conditions.

The higher hardness and modulus of the carbothermal materials are most
likely a result of the finer microstructures and higher densities. While these
physical characteristics were only slightly different between the two classes of
AlN, the sensitivity of the microhardness and sonic modulus measurements
could easily reflect that difference.

While the limited number and questionable quality of the data generated are a
major concern, there was a 20% difference in the observed ballistic
performance. Since more shots were fired with the L/D = 10 threat and the
yaw was significantly lower than the L/D = 15 data, the discussion will focus
on the shorter threat. DENKA was the highest performing AIN material.
Sumitomo was about 10% lower and was followed closely by Toyo Aluminum.
ART and Dow were similar and nearly 5% below the Toyo material. From this
order of performance, there was no clear distinction between the two powder:
manufacturing processes. Within a group, there were also no obvious trends.
The only clear difference between the Sumitomo material and the Dow product
is the calcium content and the possibility of a chemical effect on ballistic
performance has already been suggested from lower caliber results on
sintered products.18 ART, the lowest performing nitrided aluminum
material, also has the highest impurity levels, with the major component
being iron rather than calcium. DENKA was intermediate based on purity,
but was finer than either of the other two metal derived products. Grain size
could be a secondary effect, but based on the modest differences present, it
appears unlikely.

Based on these results, it would also be difficult to recommend AIN powder
specifications. Particle size and distribution influences densification and the
minimum size needed for a particular density can be determined. Oxygen (1 -
2%) and carbon (0.05 - 0.2%) levels in the range tested do not appear to be
critical. Impurity levels near 500 ppm could present a problem, while <200
ppm of Fe or Si should not.
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In a previous study,18 it was determined that there no physical or mechanical
property measurement which could be used to accurately predict the ballistic
performance of aluminum nitride. However, in this study it appears that the
high strain rate pressure bar results closely mimic the ballistic results. The
compressive strengths were grouped into two sets. Dow and ART were about
5% lower in strength than the other three materials. DENKA had the highest
strength of that group but the difference was very small. Since the pressure
bar experiments consisted of only single data points, further work in this area
is clearly warranted. With cautious optimism, pressure bar tests could be
extremely useful in screening ballistic materials.

While one can question the quality of these or any other ballistic test results,
this study clearly illustrates that ballistic values can differ substantially for
aluminum nitride materials and more work is required to understand
aluminum nitride's unique ballistic characteristics.



2.2 Sintered Aluminum Nitride

The objective of this research effort was to develop a technology base for
processing aluminum nitride using economical ceramic forming methods
and then study the ballistic characteristics of these sintered products. One
goal of this program was to utilize the differences in the selected AIN powders
to gain fundamental insights into the densification of AIN ceramics.
Obtaining an understanding of the relationships between the formulation,
fabrication, binder removal, and sintering phases of process was another goal
of this study. Formulated aluminum nitride powders were prepared by spray
drying, dry pressing was used to form the ceramic greenware, and final
densification was achieved by pressureless sintering. Traditional sintering
variables such as sintering aid level, time, temperature, atmosphere and
environment were investigated as well. Failed components will be used to
illustrate the difficulties encountered during the processing of large AIN
components. Adjustments in the burnout and sintering cycles needed to
produce crack free bodies will be discussed. The results of extensive physical,
mechanical and ballistic evaluations will also be detailed.

2.2.1 SINTERING SCREENING STUDY

The statistically designed powder screening study was intended to elucidate
the interrelationships between aluminum nitride powder quality, sintering aid
levels and the sintering parameters of time, temperature, atmosphere and
environment. The five AIN powders, which were utilized in the hot-pressing
study and described earlier (Table I), were also used in these sintering
experiments. Several compounds have been shown to be effective as sintering
aids for aluminum nitride.19 For electronic applications, yttrium and calcium
based compounds have received the most attention and three, yttrium oxide,
yttrium fluoride and calcium carbonate, were examined during this work.
Two additional rare earth oxides, cerium oxide and lanthanum oxide were
also studied. These raw materials not only cover a broad price range, but also
have different melting temperatures and wetting characteristics. These latter
properties are particularly important since aluminum nitride densifies by a
liquid phase sintering mechanism. These five sintering additives were
studied at two levels, 0.5 and 5.0 volume percent. The relative cost and the
lowest potential liquidus temperature for each system is detailed in Table IX.
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The remaining sintering parameters were also examined at two levels or
conditions. The sintering temperature was either 1750°C or 2000°C and the
hold at that temperature was 30 minutes or 4 hours. The furnace atmosphere
was nitrogen or a nitrogen/5% hydrogen mixture and either a graphite or
boron nitride crucible was used to vary the sintering environment.

Table IX
Sintering Aids Studied in Screening Experiment

Sintering Aid | Y203% | Ce028 | Las03% | Ca0O* YF3l
Grade/Purity |5600/99.99 | 5310/96.0 |5200/99.99| USP 99.9
Lot 1734 U-1203 990 948410 | 32,6062
Relative Price 200 20 35 1 740
Lowest Tm 1760°C | 1670°C | 1830°C | 1360°C | 1142°C

$MOLYCORP, Louviers, CO; *Added as CaCOg, J.T. Baker, Phillipsburg, NJ ;'ﬂAldrich
Chemical, Milwaukee, WI.

Since this study consisted of both qualitative (powder, sintering aid,
atmosphere and environment) and quantitative (temperature, sintering time
and sintering aid level) parameters, a D-optimal design strategy was
employed.20-22 With only 150 design points, all main effects and two-factor
interactions were obtainable. 200 additional specimens were sintered
including design center points, samples without sintering aids, and duplicates
to check experimental error. Percent theoretical density was the only
dependent variable used in the analysis.

Preparation of greenware involved first preparing the binder solution which
consisted of a mixture of ECB= and PEG** in ethanol. While the binder
solution was homogenizing, the sintering aid was dispersed with fish o0il** in
ethanol and mixed with AIN media for 1 hour in a 250 ml polyethylene jar.
Binder solution equivalent to 7.5 wt. % on an AIN powder basis was then
blended with the sintering aid slurry. Finally, the AIN powder (50 g) was
added and mixed for 1 hour. The slurry was poured out onto trays and air
dried overnight. The dried powder was then crushed and sieved through a 100

= Experimental Ceramic Binder, XUS 40303.00, Dow Chemical, Midland, MI
*++ PolyGlycol, The Dow Chemical Company, Midland, MI
** Spencer Kellog KELLOX Z3 Fish Oil, NL Chemicals, Hightstown, NJ
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mesh screen. Pellets, 2.2 cm in diameter, were dry pressed at 69 MPa and
then isopressed at 276 MPa. The 6 gram pellets were heated in air to 550°C and
held for 1 hour. The greenware was then weighed and dimensions taken in
order to calculate green density. After the graphite or boron nitride 10 cm
crucible was lined with a powder mixture of AIN and BN, the samples were
then placed on the powder bed, the crucibles were covered and then fired in a
graphite resistance heated furnace.’ An initial heating rate of 25°C/min. was
used. At 1200°C, the heating rate was reduced to 10°C/min. and maintained at
that rate until the desired sintering temperature was reached. While other
physical parameters were measured, only percent theoretical density was
analyzed in the experimental model. The density results for the 150 samples
included in the design and their replica points are shown in figure 13.
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Fig. 13. Percent theoretical density of sintered samples used in designed
screening study.

¢ Model 1000-4560, Thermal Technology, Astro Division, Santa Barbara, CA
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These results were analyzed using Experimental Design Analysis of Variance
(ANOVA). In this seven variable study, a fixed effects model was used and
both main effects and two factor interactions were examined. The parameters
which were most statistically significant (largest impact on densification) in
the ranges studied were temperature, environment, powder, the interaction
between environment and atmosphere, and the interaction between powder
and environment. These results are described in Table X.

Table X
Statistical Results of Powder Screening Study
Design Degrees of F-Value Critical

Variable Freedom Significance Level

Temperature 1 26.06 0001

Environment 1 19.16 ' 0001

Powder 4 10.32 0001

Envir./Atm. 1 14.89 0003

Temp./Time 1 12.03 0009

Powder/Envir. 4 5.24 0010

Model Std. Dev. = 5.63, Coef. of Var. = 6.2%, Replicate Data Coef. of Var. = 3.3%

These results are graphically represented in figures 14 and 15, where the
means of the significant main effect and two-factor interaction terms are
shown. The overall density results of the five powders appears to the follow
closely with the average particle size and distribution. The finer and more
uniform carbothermal powders had the highest density means. However, the
nature of the environment also had a dramatic impact on the densification of
two powders in particular. As seen in figure 15, the sintering of ART and Dow
containing samples was clearly inhibited by the reducing conditions of carbon
environment and hydrogen containing atmosphere. This development may be
the result of the proportionately lower oxygen contents of these two materials.
This suggests then that there is a minimum surface oxide required on AIN
powders to react with the sintering aids and provide the needed liquid phase
which enables densification. The reducing conditions may be removing the
surface oxide before the interaction with the sintering aid can take place or the
formed liquid may be volatilizing before significant densification has occurred.
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MAIN EFFECTS
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Fig. 14. Bar charts showing percent theoretical density means of main effects
for aluminum nitride sintering screening study.



Because of the strong influence of ceramic density on ballistic performance, a
primary interest of this research program was to evaluate the ballistic
performance of high density (>98% T.D.) aluminum nitride products. As part
of this screening study, 41 out of 150 samples had a density >98% T.D. The cell
frequencies of this subset were determined for the 6 studied parameters. As
seen in figure 16, all powders were represented in this high density group, but
the most active powder, Sumitomo ANH-10, clearly offered the most options for
achieving high density ceramics. As expected, the two yttrium containing
compounds were the most effective sintering aids. The number of variations
available to obtain dense parts has allowed the selection of AIN materials with
unique physical and chemical characteristics to be evaluated.

TWO-FACTOR INTERACTIONS
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Fig. 15. Percent theoretical density means of significant two-factor interaction
terms as determined by Standard Analysis of Variance (ANOVA)

3



31.71% 34.15%

B 0.5 v/o
B 50vio
Nitride 68.29% s
. Carbon . /]
ENVIRONMENT SINTERING AID LEVEL
26.83%
31.71%

34.15%

Reducing 12.20% . AN 14.63%
Bl Nitrogen 14.63%
8 ART 2.44%
B Sumitomo 17.07%
84.15% ToyoAl
Bl Dow

B 2000°C L 43.90%

g o » 0 A

1750°C .
TEMPERATURE AIN POWDER

Fig. 16. Frequency pie charts of the 6 studied sintering parameters for the 41
sintered AIN samples which achieved high density (>98% T.D.).

39

EICY




2.2.2 PROCESS OPTIMIZATION

Thig study consisted of a series of experiments which examined the key
components of the dry press/sinter process illustrated in figure 16. In addition
to studying the effect of powder characteristics on sinterability, the effect of
pressing pressure on green and fired densities was studied, binder system
variations were examined, and the binder burnout and sintering steps were
optimized for large parts. The binder system used in these studies consisted of
mixtures of ECB¥ and PEG,” polyethylene glycol, in ethanol. Extensive use of
statistically designed experiments minimized the number of data points
required while maximizing the amount of information obtained during this

program.
Formulation Organic Extraction Success...
AIN environment

binder atmosphere

sintering aid thermal excursions

powder fluidity

temperature

die-wall friction

atmosphere

L/D ratio
C/Po
Pressing Sintering Failure

environment

Fig. 17. Schematic of process to fabricate large aluminum nitride parts,
showing key parameters for each step.

A factorial experimental design23 strategy was utilized to determine the
statistical significance of key processing parameters on green and fired

¥ Experimental Ceramic Binder, XUS 40303.00, Dow Chemical, Midland, Ml
~ PolyGlyeol, The Dow Chemical Company, Midland, MI
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densities. Predictive green and fired density models based on binder - ceramic
mixtures, spray-dry parameters, dry pressing pressure, and sintering
temperature were established for a carbothermal powder (Dow Lot 890629-48)
and a nitrided metal powder (DENKA Lot 10PF8620). The 2 kg aluminum
nitride batches were prepared with 3 weight percent yttrium oxide using a
Niro portable spray-dryerl. The binder levels ranged from 4 to 10 wt. % and the
solids loading was 30 to 50 % on a weight basis. The ECB/PEG ratios varied
from 1:2 to 2:1 and the spray dryer outlet temperature was also a variable.
Flowability, tap density and pour density were measured for the 22 AIN
formulations. Flowability was similar for both powders and was determined
by the size distribution of the spray dried product which was mostly affected by
the solvent concentration and the slip feed rates. Analysis of the density
response variables indicated that except for the ceramic powder, the effect of
the spray-dry and slip parameters was not statistically significant. Denka AIN
had substantially<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>