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1. Introduction

A — ] = - i e n =
e —————— e

Traditional manufacturing of ceramics used lor ballistic impact profecclion presents
limitations of long lead times, fabrication of complex geometries, and expensive
components. Ceramic 3-1) primiing oflers engineering-grade ceramic cOmMponents
in approximately 90% less time than traditional ceramics manufacturing. Typical
turnaround can be in days, instead of weeks, depending on the complexity of the
part. This not only allows for faster ime to market, but also allows for more
iterations during the design process, resulling in a better cnd product. Additionally,
3-T) printed parts can have a higher degree of complexity for weight reduction while
saving on the cost of the part because less material is required.

The US Army Rescarch Laboratory collaborated with 11otEnd Works, LLC {LHIEW),
of Oberlin, Ohio, 1 evaluate sintered alumina tiles produced by 3-D printing
methodology. This report examines the static and guasi-slalic parameters {including
densily, hardness, and fraclure strength), semi-infinile penctration performance,
and the fracture profile following impact of 3-D printed sintered alumina. These
results are compared with traditionally sintercd alumina, which are used as the
ceramic hascline performance.

While typical US body armor tends to use higher-performance ceramics {such as
horon carhide), this program examined 2-mm-thick alumina as the initial, cost-
effective material for evaluation of the depth of penetration (IMP). Additionally,
6. and §-mm-ihick alumina were used to develop a deeper understanding of the
stapes ol ceramic failure caused by a small steel rod at a low-speed impact. Rod-
shaped specimens, nominally 3 mm in diameter and 50 mm long, were obtained for
each alumina 1o quantify static and guasi-static malerial propertics. The following
ceramics were evaluated:

. Traditionally manufactured, sintered alumina AD-995 (also sometimes
called CAT3) from CoorsTek, Golden, Colorado.

- 3-D printed sintered alumina from ¥ T1EW.

2. Processing and Experimental Procedures

u—
———

s - e
TiT— rt o e ———

‘Iraditional manufacluring of advanced ceramics typically employs various
methods, the most common being die pressing or isopressing of 2 ceramic powder
that has been combined with binding and plasticizing components.' To form the
powder into the desired shape, tooling must be created that replicates the geometry
ol the components (Fig. 1). If the geometry ol the component is beyond a basic

Appeoved For pulblic releass distritaution i= unlmited.
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shape such as a rectangle, square, or eylinder, secondary groen machining using a
Computer Numerical Control mill or lathe is required. Traditional manufacturing
of & simple reclangle involves die pressing or isopressing of a prepared ceramic
powder using rectangular tooling (dic). The die is unloaded, and the part is then
sintered at its respective densilication temperature (ie., for alumina this would be
approximately 1,600 °C). 1f there are stringent requirements in lerms of (latness,
parallelism, or perpendicularity ol surfaces, the component needs to be ground
using diamond tooling after the sintering process,!

Botiom Purch

Fig- 1 Typical die press assembly

Addrtive manufacturing ol advanced ceramics differs mostly in terms of the inital
green part formation when compared with a traditional manufacturing process. The
process wsed by TTEW 1s pressunzed spray deposition (PSD). The PSD process
(Fig. 2) imvolves the use of a proprietary blend ol advanced coramic raw material
{ceramic powder) with a unigque polymeric binder (support material). The
polymenc support material serves as a temporary supporl struciure during part
formation to accommaodate overhangs and other intricate features.” Powder and
supporl malenials are fed from external hoppers into the dispensing chambers and
lthen deposited by a high-precision deposition nozzle. The deposilion nozzle uses
mechanical shaping methods that allow for a range ol patterns rom 0,127 to
381 mm (0.005 w 0.150 inch) in diameter. After the f{irst layer is complele,
formation of the next layver initiates.

Approved for public release; distinbution is unlimited.
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Fig. 2 FSD technology

After the formation of the component, a thermal debinding process takes place.
Thermal debinding of the component is done within a wicking embedment, with an
average cvcle time of 24 h. The thermal debinding temperature does nol exceed
150 °C. Due o the type of embedment material vsed, the part does not requirc
cleaning when it is removed from the thermal debinding oven. After debinding, the
component is then processed using a traditional electric or gas fumace to complele
the densification. Because shrinkage oceurs with the addilive ceramic process,
postprocessing such as diamond grinding may be required for components with
tight tolerance requircments in terms ol llainess and the like. However, tooling
fabrication as well as the preen machining stage can be omitted due to the geometne
complexity that 1s possible with the PS1) process.

DOP or residual penctration experiments were designed to determine the relative
ballistic performance of diffcrent ceramic materials shown in Fig. 3.° For DOP
Lesting, a projectile is fired into a ceramic tile attached to a semi-infinite thick metal
plate such that the projectile pencirates through the ceramic le and then into the
metal plate without deforming the back surface. These experiments avold the
[undamental problem of Vsp ballistic dependence on armor design (c.g., Iront-to-
back plate ratio and material), require fewer shols than Vs tests, and have a
sensitivity equivalent to that of other ballistic lest methods® The change in
penctration into the metal plates provides a comparison by which to rank the
performance of the ceramic matcrials, The target configuration used for these
experiments is illustrated in Figs. 4 and 5. The largel consisted of a 90- = 90-mm
ceramic tile al a nominal thickness of 8 mm, backed by 2 aluminum alloy 6061
(AAG061, MIL-DTL.-32262) plates of 50.8-mm (2-inch) thickness.” An cpoxy
resin, Dureflex Optical Aliphatic Polyether Polyurethane Grade A4700, was used
to altach each tile to the front surface of the first 50.8-mm (2-inch) plate. AAG061

Approved For public relemes, destnbarion is onlimited.
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was chosen as a well-characterized and readily available residual penstration
malenial. The aluminum plales were also expected to provide better resolution than
steel backer plates. No cover plate was employed.

Fig. 3 Aluming files before impact
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Fiz. 4 Skectch of ceramic composite samples
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Fig. 5 Initial conditivos of ceramic composite samples in fixture

All hallistic impact cxperiments were conducted ar the US Armmy Research
Laboratory. Three cxperiments were performed for cach alumina manulacturing
process. The lest projectile was the copper-jacketed 12.7-mm APM2, which
includes a hardened steel core penetrator with a length of 47.6 mm (1.375 inches),
a diameter of 10.87 mm (0.428 inch), and an aspect ratio of 4 (Fig. ). The nominal
projectile weight was 46 g, and core densily was 7.85 glem’.

I— +M. ! mm e —

| 12,.7-mm APM2
Projectila = 459 g

Hardened Stesl Core =259 g
Rc = 80-65

Fiz. 6 Cross section of a 12.7-mm AFM2

The impact velocity used for all experiments was nominally 848 m's (2,782 [U/s),
although some shots varied from 824 m/s (2,704 ft's) up to 872 m/s (2,861 fu's).
This variability could be duc to interior barrel conditions, differences in the APM2
material properties, or gun operator influence such as projectile powder
measurcments. The impact velocity was intentionally chosen to produce a range of
measurcable residual penetrations while being consistent with real-world ballistic
impact conditions. Measurement of the projectile yaw and velocity was
accomplished using a llewlen-Packard 150-kV Flash X-ray Imaging Sysiem in 2
orthogonal planes. All residual penctration messurements were obtained by
sectioning the AAGD6] plates to reveal a cross seclion. Clectrical discharge
machining (EDM) was used to section all penetration cavities, and mcasurcments

Approved for public relsese distribution is unlimited.
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were made using vernicr calipers to the deepest portion at the cavity, as indicated
in Fig. 7.7 Mcasurement of the “a™ value avoids crrors that could be caused by
deformation of the aluminum block areund the cavity entrance.”

DOP=Ty—a

Fig. T Measurement of residual penctration

Additional experiments were performed to  qualitatively assess the lraclure
propagation of the alumina with a high-speed camera due to low-speed impact by a
small rod-shaped projectile, Tiles of 2 thicknesses, 6 and 8 mm, were impacted al
approximately 210 mis due o limilations with the gas gun used. Thus, direct
comparisons with the ballistic lests may be dubious. The experimental setup is shown
in Fig. 8. The approximately 44-mm-diameter alumina samples were held in a
3-screw adjustable ring mount. A section of the ring was cut out so that the hiph-
speed camera could view the side of the sample. A mirror was placed hehind the
sample and was angled such that the back-face of the sample was visible in the
frame (not shown in the figure). The alumina sample was aligned such that (he face
was perpendicular to axis of the gun barrel, The high-speed camera was a Shimadm
HPV-X2 recording at 1 million frames per second with an exposure time of 200 ns.
The projectile was a 3.18-mm-diameter * 35-mm-long, right-circular cylinder rod.
Figure 9 shows a photo of the projeciile with the sabot. The projectile weighed
1.5 g, including the welght of the foam sabol Fach line in the photo is 10 mm. The
projectile is made of hardened M2 steel with a Rockwell C hardness of 62, The
hardness is similar lo the hardness of the APM2 projectile. A machinable foam
sabol was used to hold the rod as it accelerated down the larger diameter gun barrel.
Velocity was measured using a pair of lasers and detectors at the end of the barrel;
the constanl voltage signal from the detectors dropped 1o »ero when the projeciile
blocked the laser beam. One of the laser beams was also used as a trigger, initiating
the recarding by the camera,

Approved for public release; distribndion is nlimiced
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3. Results and Discussion

e e

hee

Prior to examining the ballistic behavior of the alumina materials, the density,
hardness, quasi-stalic [exural sirength, and microstructure were determined. Rod-
shaped specimens, nominally 3 mm in diameter and 50 mm long, were obtained for

Approved for public release; disrrifurtion is imlimited.
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each alumina. The density was determincd using the Archimedes method, the
flexure strength was determined following the guidelines in ASTM C1684,7 and
the Knoop Hardness at 2,000 g according to ASTM C1326.% Table 1 summarzecs
these data and Fig. 10 shows the microstructure of each alumina. These alumina
materials appear similar based on this information. The pore densily appears higher
in the CoorsTek alumina, and the maximum pore size is larger in the HEW, with
some cracks connecting neighboring pores. The ITEW alumina 1s only 0.03 =
0.08 g.-’:::rrl3 less dense than the CoorsTek.

Table 1 Froperty summary

: Densily  Flexure strength  Knoop hardness - HK;
ekt (glem’) (MPa) _ (GFa)
CoorsTek AD995  3.92+ 0.00 162 L 54 1324 13
HLW 3.89 + 0.08 130 1 38 147+ 1.0

Fig. 10 Representative microsirnciure of A) AD-995 and B) HEW slumina

A [ew shots were fired into menolithic AAGDG] plates over the velocity range from
824 to 872 ms (2,704 1o 2,861 fi's) to quantify the DOP without the ccramic, as
shown in Fig. 11.¥ The primary penetrator defeat mechanism of AA6061 over the
velocity regime was deceleration. Residual penetration values were then measured
and plotted as a function of striking velocity to produce a baseline curve (Fig. 12).
A linear regression of the refercnee data vielded the following equation:

DOP = (.1959 % Viygay — 84.406. (N

The square of the correlation coefficient, RZ, 1s 0,946, indicating that this curve is
a reasonable approximation. For example, an experimental impact velocity of

%48 m/s would be expected to result in a DOP of 81.73 mm. For these experiments,
this is the DOP baseline for AAGDG1.

Agproved for public release; distributson i unlimited.
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Fig. 12 Penciration of 12.7-mm APM2 into AAGOGI

Ceramic target asscmblics, as previously described in Section 2, were fabricated
for all materials. In general, 3 tiles of equal thickness (or arcal density) were
evaluated for each material. To adjust for vanations in the sclual sirike velocity, all
residual penetration values were normalized to a striking velocity ol 848 m/s based
on the empirical fit shown in Eq. 1. The correction was made as [ollows:

Cormrected DOP ~ Measured DOP + [001959 = (848—V0m)] . {2)

This techmigue has been found to be valid provided that a sipnificant amount of the
penetrator reaches the backup plate, the correction is relatively small, and that the
penetrator defeat mechanism has not significantly changed with velocity.® In
suppaort of this assumption, observations of the size and shape of the impact showed
no sigmificant differences in penetrator cavity for the impact velocily variations.
The data were obtained for the alumina tiles at a nominal thickness of 8 mm. The
ballistic impact measurements are listed in Table 2. The average 13P with the
correction for the AID-995 was 14.43 mm with a standard deviation of 3.0] mm.
The average DOP with the commection of the HEW alumina was 24 .01 mm with a
standard deviation of 2.06 mm. The difference between the HEW and CoorsTek
was .58 mm, which is equivalent to about three-quarters of the diameter of the
projectile, or one-sixth of the length of the projectile.

Appraved for pishlic telease; distribarion is onlimited,
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Table 2 Ballistic impact measurements for alumina tiles

Ceramic  Striking  oon vaw 1981 pop pOPL.
Alumina  velocily

yaw

% mm mm
13157 AL-995 B40 047 062 (7R 16.00 17.56
I35 AT-0095 213 061 030 (072 1521 14.1%

13159 AD-995 fdn 022G 048 054 1115 11.56

Shust
no.

13160 HEW 860 051 050 072 2870 2634
16l TTEW 850 031 0358 065 2362 2322
13162 LEW 250 032 046 056 2286 2246

In these limited experiments, the AD-995 files caused more damage to the
penctrator than the HEW alumina tiles. [l was interesting to observe for cach
ceramic composite that the DOP increased as yaw increased. More expeniments
would need to be conducted to determine if this response was a coincidence or a
phenomena. The penetrator underwent 2 failure mechanisms, fragmentation and
crosion, when il impacied the AT)-995 tiles, as shown in Fig. 13. The penctralor
underwent one {ailure mechanism, erosion, when it impacted the HEW alumina
tiles, as shown in Fig. 14. The residual projectile cores (when recovered) were
measured and a curve fit was calculated (Figs. 15 and 16). It was likely that not all
of the debris was recovered upon the projectile shattering and/or eroding on impact.
The lengih of the largest piece was measured as the residual penectrator length, The
length for shot no. 13159 was nol caplured because only small frapments of the
projectile were recovered. The mass of the recovered core fragments were
measured. The unaltered core was added 1o the figure as a point of reference at the
striking velocily of 825 mf's.

Fiz, 13 Residnal penetrator from impact versus CoorsTek aluming AD-995

Apprivvcd lor public gelese: distribution is aplimited.
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Fig. 14 Residual pengiraior from impact versus HEW alumina
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Analysis of Residual Penetrator
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Fig. 16 Residual length of 12.7-mm AFMI into AAG061

The postexperimental targets were optically examined [or ceramic failure analysis;
typical ceramic failures are shown in Figs. 17 and 18, The CoorsTek and HEW
alumina both started failing with tensile fracture, then continved into comminution
1o dissipate the energy of the penetrator. The extent of the ceramic damage was

very similar for both types of alumina. However, the DOP cavily profile into the
ANG0GT plates were distinelly different.

Fig, 17 CoorsTek alumina AD-H35 after impact

Approved for public release; distriion is unlimitod.
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Fig. 15 HEW zlomina after impact

During the ballistic impact, the Coors1ck alumina Lypically fractured the penetrator
into 2 large pieces and some small chips before starting the erosion progess. As o
result there were 2 projectile canals into the AAG0G] plate. The HEW alumina did
not fracture the pengirator and only eroded the penetrator. As a result there was one
residual penctrator canal into the AAGDG]1 plate.

Since AAG06] was the reference malerial used in this study, Eq. 3 was used to

provide a coefficient of performance () of the ceramies compared o the reference

material:

D{‘}P.“hn-.-_.i_{ﬂ'ﬁ'. —DOF ;108
AD i

£ ARG

[:p = {PA.M'J G]
where DOPuas_assosi is the average expected residual depth of penctration inio hare
aluminum at §48 m/s; DOPcur nases is the residual DOP into AAGO6] afier
perforating the ceramic tile, comecled for the variations in stnking velocity; and
AD ccrnic 18 the areal density of the ceramic, The DOPpae assoer = 81.73 mo The
ADamggs = 31.36 kp/m? and the ADuew_stmins = 31.12 kpfm®. The passosr =
2.70 glem®. The calculated Cp value provides a relative comparison of the ceramic
with AAG061 (i.c., 2 Cp ol 5 means the ceramic is 5 times more weight effective
than AAGO61). The € of cach alumina ceramic was calculated as shown in Table 3.
A ceramic performance map 15 Sllustrated in Fig. 19. Clearly, the CoorsTek alumina
has superior performanee versus the | {EW.

Table3 Comparaiive performance of COTHmics

Cocllicient of performance {L‘P'p__

Fxperiment mi CoorsTek HEW
AD-995 alumina
1 552 481
2 52 5.08
h.H 514

Approved Fur public rolease; distribptiom is unlimited.
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Fig. 19 Ceramic performance map

The progressive failure through brittle fracture of the g-mm-thick ceramic samples
with no backing plate are shown in Fig. 20. The projectile velocities were 206 and
714 m/s for the CoorsTek and HEW alumina samples, respeelively. The series of
images are right before impact and 10, 40, 90 and 200 ps after impact. They show
similar overall fzatures. Concentric cracks appear first, several microsceonds aller
impact, then radial cracks appear. The concentric cracks at the back-face probably
form a cone crack through the thickness of the sample, bul it cannot be seen because
the aloming is opague. After 90 ps the concentric cracks have clearly coalesced
because the inner material has been pushed out by the rod o a greater cxlent than
the material near the outer edge. At 200 ps both samples look similar but the TIEW
alumina appears Lo have [ ragmented slightly more. The biggest difference between
the 7 matcrials is that the CoorsTek has less radial ¢racks than the 3-D printed
material. Additionally, after 90 us {he arca within the concentric cracks ol the HEEW
alumina has further cracked and started to break up, while the same region of the
CoorsTek has not cracked any further. A summary of thee dynamic failure modes is
shown in Tablc 4.

Approved for public relcase: disiribution is wnlimited.
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Fig. 20  Progressive fracture of (he §=mm ceramic: a) CoorsTek and b) HEW
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Table 4 Comparison of the dynamic failure modes of 6-mm-thick aluming discs

Time interval

(5) CoorsTek AT-995 ITEW 3-Id printed alumina
Proimpact, 0 Disc inkisct Lhsc infact
Postimpact, 10 Fadial-forming vracks Basdial-fowrning cracks
Postimpsact, 40 Longitudinal cracks forming Longitudinal cracks forming
) 7 lomyrituding] cracks :ha!t run 9 longitndinal cracks that run fram
kg | WieRRUE M b CCp e
frugments forming heginning

Fraomenlalion process is
Pos-impact, 200 conwerling into the Caomminution process i oourming
comminulion process

Figure 21 shows the progression of failure of the 8-mm-thick samples with
projectile velocities of 216 and 224 m/s. The time is right before impact and afler
10, 40, 90 and 200 us, respectively, in the series of images, which is the same as in
Fig. 20. As before, (he overall features between the 2 are similar. The 8-mm-thick
samples show very fow concentric cracks at any lime following impact. Radial
cracks arc the first damages to appear. As cxpected, it takes longer for cracks to
emerge on the backside of the samples. and the damage at the same time after
impact is less with the thicker samples. Alse, there are fower radial cracks with the
CoorsTek versus the HEW alumina. At a couple hundred microseconds aller
impact, the HEW alumina has fragmented to a greater exient. A summary ol the
dynamic failure modes is shown in Table 5. Videos that detail the dynamic failure
modes during each of these rod impact lests, Tests 1 and 6 lor the performance of
the 6-mm-thick tiles and Tests 3 and 4 for the performance of the 8-mm-thick tiles,
are included in the Appendix of this report.

Approved for public reluse, distribation is unlimitod.
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Fig. 21 Progressive fracture of the S-nun ceramic: a) CoorsTek and b) HEW
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Tahle 5 Comparizon of the dynamic failore modes of §-mm-thick alumina dises

Time interval

(ns) CoorsTek AD-995 HEW 3-D prinied alumina

Preicapact, 0 Misc intact Thige infact

Postimpact, 10 Thizc intact Mizc intact

Postimpact, 40 Longitudinal cracks forming  Longitudinal cracks forming,

Postimpact, 90 & longritudingl crucks that run 2 loogiludinal cracks that run from
Mroam cenier 0 edwe of dise: cEnier i edag ol dise: no plungnege
plugging modc beginning: mode; comminution procoss is
discrete furments forminge beginning

Postimpact, 20 Frammentation process is Comminution process is ocourming
transforting into the
COMMUR Ui Process

4. Conclusions

This program was a preliminary investigation into the viahility of wsing a 3-D
printed alumina ceramic for body armor applications. The cocfheclent of
performance showed that CoorsTek alumina AD-995 was 13% more eflicient
against ballistic penctration than the HEW alumina tiles, Imiial ¢lues as o why
were provided by the low-velocity, rod mmpaet expenments inlo unbacked ceramic
dises, These exploratory experiments showed there is a eritical thickness limitat a
given velooily thal 15 needed o simulate the realistic [ailure modes of the alumina
ceramic under ballistic impact. In the G-mm-thick ceramic tile experiments, the rod
impaci exhibiled more plugging mode failore, which is not desirable in
conventional armor strategy. In the 8-mm-thick ceramic tile experiments, the HEW
alumina had a greater number of radial cracks and fragmented to a preater extent
than the CoorsTeck alumina. The disc diameters were adeguate for the low-velocity
rod impact. The 3-D deposition process will need to be improved to reduee the pore
size and increase the flexural strength of the 3-D printed ceramic maternal.
Improvements to the sintering method will be the critical correlation to the
improvements in the ccramic falure mechanisms and the penetralor [ailure
mechanisms during low-velocily rod mmpacts and the ballistic penetralor impacts.
It is imperative that Hugoniol shock pressure limit experiments be conducted. At
pressures just above the clastic limit on the Hugoniot, called the Hugomot clastic
limit (HEL), a shock wave is split into a 2-wave structure by the HEL, whach is
determined by strength.'” Up to the HEL, a single, elastic, supersonic shock wave
propagates. At higher pressures, shock compression causes plastic delormation as
well. A solid just above its HEL 15 sofler (more compressible) than it 15 below ils
HEL. By measuring time-resolved shock wave profiles, HELs, mechanical

Approved for public releese distribulion is undiomiteal.

149




constitutive propertics, and equations of state are derived. "' Then quantifying the
fracture behavior between these ceramics manufactured by different methods can
he analvtically predicted. The successful implementation of these steps. including
the initial correlation between these dynamic vanables and the manulacturing
process variables, arc cxpected (o clevale the 3-I) printed ceramic static, quasi-
stalic, and dynammic properties to match, or excecd, those of conventionally sintered
alumina.
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Rod Impact Test Description
«  Test 1: 6-mm-thick Coorslek A-995 alumina disc at 205.6 m/s

« Test 2 G-mm-thick HEW 3-D printed alumina disc at 227.9 mfs (the
triggering was ofl so the [irst image is after impact vecurred)

+  Tesl3: B-mm-thick CoorsTek AD-995 alumina at 2159 m's

«  Test4: S-mm-thick [JEW 3-D printed alumina at 233.6 m/s (the triggerng
was off 5o the first image is after impact occrred)

. Test 5: §-mm-thick HEW 3-D printed alumina al 2243 m/s (this essentially
replaces Test 4)

. Test 6: 6-mm-thick HEW 3-1) printed alumina al 21 3.9 m/s (this
gssentially replaces Test 2)

Click on the icon armow to view the video for cach test.
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TESTZ-L.MPd
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TESTa~1M4P4
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List of Symhnls Ahhrematmnﬂ

i

it A —

3- 3-dimensional

DOP  depth of penetrabion

EDM  electrical discharge machining
HEL Hugoniot elastic limit

HEW HotEnd Works, LLC

PSD  pressurized spray deposition
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